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INTRODUCTION

Among the various elimatic factors of hydrologie and agricultural
signifieance the return of moisture to the atmosphere from natural
land surfaces has resisted measurement most strongly and is eonse-
quently least well known. As preecipitation and run-off, water is
in the liquid state and ean be measured by means of straightforward
sampling techniques, but upon evaporating, water becomes an invis-
ible gas whieh mixes with the other gases of the atmosphere and is
disseminated through it.

For the farmer the soil is a reservoir into which water is eontributed
by precipitation and from which it is withdrawn by evaporation and
transpiration from the growing ecrops. During a prolonged period
without rain the soil moisture may be drawn upon until a defieiency
that approaehes the wilting point is produeed and plant development
is retarded and crop yiclds reduced. At the time of a storm, precipi-
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tation can partly or wholly replace the moisture that lias been lost,
but during the period following the storm, evaporation and trans-
piration will again deplete the moisture supply. In determining
drought hazard, measurement of the varying rates of cvaporation
and transpiration is as essential as information concerning the amount
and distribution of rainfall, because they determine the rate at
which the water supply is consumed (3).?

Whereas agriculturists are concerned chiefly with the portion of the
precipitation that enters the ground and is available to plants, hydrol-
ogists are concerned primarily with the portion that runs off. Run-off
varies greatly from place to place, even in small waterslieds, because
of differences in field moisture caused by evaporation and transpira-
tion between rains.  When the soil 1s dry, little run-off will occur,
except in very intense or prolonged rains, because the greater part
of the rainfall will be used to replenish soil moisture. As a rule,
only after the soil Decomes saturated will water flow from the land
as run-off. Thus, to predict from observations of rainfall the amount
of moisture available for run-off, an accurate measure of the rate at
whicli the soil dries out is highly desirable.

Scientists have long recognized the scrious need for a method of
measuring water losses by evaporation from land surfaces as well as
from free-water surfaces. Over bodies of free water, a continuous
supply of moisture 1s available for evaporation and the actual losses
are dependent directly upon climatic and meteorologic factors. TFor
this reason it has been possible to develop empirical formulas which
permit tlie computation, with reasonable accuracy, of the anticipated
water losses from lakes or reservoirs in terms of meteorologic data
alone (4, pp. 223-265; 8; 94; 96; 118).

The rate of emission of water vapor from a natural land surface
cannot be determined by such methods. When the surface soil is
moist, evaporation may be more rapid than from a free water surface
because the soil witlr its minute irregularitics will present a larger
evaporating surface. As the surface soil becomes dry evaporation
losses diminish greatly even though the subsoil remains moist. Re-
placement of surface water from below by capillary action is extremely
slow, and tlie soil moisture can escape to the outer air only as vapor
by diffusion through thie soil air. Furthermore, as the growing season
advances, foliage shields the ground surface, causing a progressive
diminution in the direct evaporation from the soil even though water
losses by transpiration increase.

The physical process of transpiration is not yet completely under-
stood (25, 86, 171), but it isrecognized that the amount of water lost by
transpiration from an area depends on the density and character of the
vegetation as well as on atmospheric conditions. Transpiration in-

2 Italic numbers In parentheses refer to Bibliograpby, pp. 66-75.



EVAPORATION FROM LAND AND WATER SURFACES 3

creases with plant development until maturity is reached, largely
because of increase in the area of the transpiring surface and in the
number of stomatal openings. Plant activity subsides with maturity
and transpiration rapidly diminishes. The amount of water removed
from a field by transpiration depends on the water requirements of
the plants growing in it and on their growth, which in turn may be
limited by the amount of water available. Tlus, water losses from
land surfaces, resulting from evaporation and transpiration, bear no
direct relation to evaporation losses from frec-water surfaces. There-
fore, no cmpirical formula employing ordinary metcorological data
could be expected to give reliable values of evaporation and transpira-
tion from land surfaces. Similarly, evaporation from pans or atmo-
meters cannot supply even a relative measure of water loss from
natural surfaces (5).

Some information has been obtained on the amount of trans-
piration from various species of plants growing in pots, tanks, and
lysimeters that can be weighed continuously or at periodic intervals
(14, 15). Beeause of the necessanly limited surface area of such
containcrs and because their walls confine the plant roots and restrict
the normal movement of water in the soil, this method creates highly
artificial conditions and can yield results only roughly indicative of
the magnitude of evaporation and transpiration from natural sur-
faces (110, 158, p. 23).

The lack of a dircet measure of losses by evaporation from natural
surfaces has led to the development of many empirical formulas for
expressing the effectiveness of precipitation. Transeau (167), one
of the earliest to be concerned with the problem, used the quotient of
total measured rainfall divided by computed frec-water evaporation
as a moisture index and prepared a map of thie eastern part of the
United States to show the distribution of this quantity. Livingston
and Shreve (87, p. 325), following Transeau, made a map of the dis-
tribution of the ratio of precipitation to evaporation over the entire
United States (fig. 1, 4). Lang’s (78) “rain factor,” de Martonne’s
(92) “mdex of aridity,” Meyer’s (95) “N-S quotient’” * and the
“hygrometric quotient” of Szymkiewicz (147) represent other attempts
to determine effective precipitation. The climatie classifications of
Koéppen (71, 72, 78, 74, 78) and Thornthwaite (1565, 166) both employ
means for determining effective precipitation (fig. 1, B). However, no
evaporation index derived indirecetly by computation can take the
place of actual measurements of evaporation.

If accurate measurements of precipitation and run-off are available,
integrated values of the losses by transpiration and evaporation can
be obtained by simple subtraction. Such values provide general

3 Meyer’s N-S (Niederschlag-S#ttigungsdefizit) quotient is obtained by dividing depth of precipitation
in millimeters by saturation deficit expressed in millimeters of mercury.
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information on the average effectiveness of precipitation over long
periods; they also serve for comparing water losses in regions of

=

Froure 1—A, Precipitation-evaporation ratios in the United States for the
average frostless scason, after Livingston and Shreve (87, p. 825), 1921; B,
precipitation-cffectiveness (P-E) indices, after Thornthwaite (156, 156), 1931,

different vegetal cover. Kittredge (69) has recently made use of
available average annual rainfall and run-off data and has prepared
a map showing the distribution of the average annual water losses
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to the atmosphere in the United States (fig. 2). Working independ-
ently, but using the same method, Baulig (9) prepared a similar map
for the central and castern part of the United States. Accurate
determination of evaporation losses for periods of a year or less is
not possible by this method because of lag in both run-off and evapo-
ration.

Fortunately, the rapid development of aviation during the last two
decades has led to detailed investigation of the nature of the lower
layers of the atmosphere and has resulted in notable advances in
our understanding of the meehanies of moisture and heat transfer

Frcure 2.—Average annual water losses in inches due to transpiration and
evaporation, after Kittredge (69), 1938.

through thesc layers. This knowledge has made possible the develop-
ment of a technique for the dircet measurement of evaporation and
transpiration from natural surfaces (160).

When water vapor enters the atmospherc from the ground or from
plants it is transmitted upward into the air to some indefinite distance
from the ground. The transfer of moisture from the ground is
accomplished through the irregular or turbulent mixing of the lower
air, by which bodics of the moister air from near the ground are carried
upward and replaced by dricer bodies brought down from above in
the process of turbulent mixing.

The movement of smoke demonstrates plainly the mixing of the
air that takes place in the turbulent layer. Where a visible gas,
having approximately the same density as the air, is released, as in
figure 3, the effeet of turbulent mixing is apparent. The water vapor
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in the air 1s invisible, but its coneentration ean be measured by means
of a number of familiar instruments.

Wlhen water vapor is emitted from an evaporating surface and is
transported upward in the turbulent eddies the total moisture con-
eentration of the air will be greatest at the surface and will diminish
with height. Sinee the rate of flow of moisture upward from an
evaporating surface and the intensity of the turbulent mixing deter-
mine the gradient of moisture coneentration in the overlying atmos-
phere, it follows that the rate of evaporation can be determined by

Frounre 3.— The movement of smoke demonstrates plairly the mixing of the air
that takes plaee in the turbulent layer. (Courtesy of Chemical Warfare
Serviee, United States War Department.)

measurmg the moisture gradient and the turbulence (fig, 4). This
bulletin discusses the nature of evaporation, the theory of turbulence
as 1t relates to the measurement of evaporation, and the problems
involved in making the necessary physical measurements of atinos-
pherie moisture and wind veloeity.

THE NATURE OF EVAPORATION

Water covers more than four-fifths of the surface of the carth, and
water vapor is present in varying conecentration everywhere in the
lower atmosphere.  The molecules that make up the water on the
eartl’s surface and the water vapor in the atmosphere are in ceascless
motion. Some of the molecules of the liquid aequire sufficient mo-
mentum to break through the surface and escape into the free air.
At the same time some of the molecules of water vapor in the air
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strike the water surface and are unable to leave it. Strictly speaking,
the movement of molecules from water to air is evaporation and the
reverse movement is condensation. Popularly, evaporation is con-
sidered as a net loss of mass from a liquid and condensation as a net
gain to a liquid as a result of this exchange.

The rate at which molecules leave a water surface depends solely
on the characteristies of the water. An increase in the kinetic energy
of the molecules means that an increasing number are able to leave
the liquid. Since an increase in its molecular energy significs a rise

<4 Air motion 12.7I. Atmospheric moisture

Ficure 4.—To determine the rate of transfer of moisture from the ground to the
atmosphere it is necessary only to measure the humidity of the air at two levels
and the rate of mixing of the air between them.

in the temperature of the water, the rate at which molecules break
away from the water surface depends on its temperature.

The rate at which water molecules reenter the liquid depends solely
on the conecentration and temperature of the water vapor in the air.

It is a matter of common experience that water exposed to the open
air will ordinarily disappear rapidly. If, however, a body of water is
exposed in an enclosed vessel the net loss of water is small, regardless
of the water temperature, even though the space above the water was
originally completely dry. Although the molecules of water vapor
entering thie space above the water surface are confined by the walls
of the vessel, at first there are so few that the number that return to
the liquid is small. Hence the number of molecules in the enclosed
space increases rapidly, With an increase in the concentration of
water vapor, there is an inercase in the rate of return of the molecules
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to the lquid. Eventually, the vapor concentration becomes such
that just as many molecules return to the water as leave it. At this
time equilibrium between the liquid and its vapor is attained, and,
strictly speaking, the rate of evaporation is then equal to the rate of
condensation.

The molecules of the vapor exert a pressure against the confining
walls of the vessel, and when equilibrium is established this pressure is
cqual to the force with which the molecules leave the surface of the
liquid. The pressure of the vapor, like the total pressure of the
atmosphere, is ordinarily measured in terms of the height of the
column of mercury it will balance. This equilibrium pressure is
called the maximum or saturation vapor pressure. It depends on the
temperature of the liquid (2, pp. 124-128).

As tlie temperature of a liquid is raised the saturation vapor pressure
is increased according to a well-known law (49, p. 107). llowever, if
water is heated under constant pressure, as for exanple, in the open
atmosplere, a temperature is soon reached at which bubbles of vapor
form throughout the liquid. This temperature is called the boiling
point. It has been found experimentally that the saturation vapor
pressure at the boiling point is equal to the external pressure. This
fact provides a convenient and casy method for determining the
saturation vapor pressurc corresponding to different temperatures of a
liquid by ascertaining its boiling point under various external pressures.

If air fills the space above the liquid, evaporation will proceed
almost as if the space were empty. The presence of an indifferent
gas does reduce very slightly the saturation vapor pressure, but for all
practical purposes this reduction is negligible.

The saturation vapor pressure over a liquid having a surface with
convex curvature is greater than that over one having a plane surface.*
The merease in vapor pressure resultting from curvature of the surface
is very small, and exceept in studies of incipient condensation on minute
nuclei is generally negligible.  Bennett (10) has computed that two
drops of water of temperature 10° C.; one of radius 10-° em. and the
other of radius 10-% em., would have vapor pressures 1.2 percent and
12.7 percent, respectively, above the saturation value over aflat
surface.

Of greater importance is the depression of vapor pressure at the
surfaces of aqueous solutions. Evaporation from a pan of water will
be reduced, for instance, if salt is dissolved in the water, in a degree

4 In 1870, Kelvin (64) pointed out that convex curvature tends to increase the vapor pressure according
to the law

lo §__2
B¢ TeRT
where ¢’ is the vapor pressure over a surface with radius of curvature r, ¢ the vapor pressure over a plane

surface, s the surface tension of the liquid, p the density of the liquid, R the gas constant for the vapor, and
T the absolute temperature.
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proportional to the salt concentration. In part, this effect results
from the fact that as salt enters into the solution some of the sodium
and chlorine ions are at the surface and interfere with the escape of
water molecules from the liquid. The suppression of evaporation may
also be due to an attraction which may exist between the molecules
of the solute and the water molecules. Water molecules can enter the
liquid from the air about as freely as ever, but fewer can escape across
thie surface to the air than fromn pure water.

The effect of ordinary sodium chloride is such that in a saturated
solution at ordinary air temperatures the vapor pressure of the liquid
is reduced to three-fourths of its normal value. If the saturated solu-
tion and the overlying air have the same temperature, equilibrium is
established, and as many water molegules return to the liquid as leave
it when the air is 75 percent saturated. Only if the relative humidity
of the air is less than 75 pereent is there a net loss of water molecules
fromn the liquid.

Various substanees dissolved in water will lower its vapor pressure
by different amounts. A saturated solution of lithium chloride, for
instanee, is in equilibrium with the air at only 16 percent of saturation.
On the other Land, a saturated aqueous solution of potassium nitrate
is in equilibrium with the air when it is 95 percent saturated. The
interferenee of lithium chloride is so great that the rate of escape of
water molecules from the surface of the solution into the air is only
0.16 of the rate of eseape fromn pure water.

Thie depression of vapor pressure over five common solutions at
various temperatures is shown in table 1.

TasLe 1.-—Relative humidities maintained at specified temperatures by various
saturated saline solutions

Relative humidity obtained using saturated solution of—

Temperature
' F)

KNO; NaCl Mg(NOy)2.6H:0 | MgCl.6H:0 LiCl

Percent | Percent Percent Percent Percent
90 75 51 33 16
92 75 51 33 16
94 75 52 33 16
95 75 52 32 16
95 75 53 32 16
95 76 53 31 16
95 76 53 31 16
96 76 54 30 16
96 76 54 30 16

Evaporation in the popular sense means the loss of mass of a fluid
by vaporization. Since a liquid tends to lose molecules at a rate
dependent only on the physical condition of the liquid, any mfluence,
such as the application of heat, absorption of radiation, or introduc-
tion of solutes will produce some change in the rate of evaporation.
For any given fixed condition of the liquid, the rate of loss of mass
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depends inversely upon the rate at whieh molecules return to the liquid,
which depends solely upon the condition of the vapor (758). If the
molecules that leave the liquid are ecarried away from the viemnity of
its surface there will be fewer to return, and a loss of mass will result.
This point should be emphasized. Unless there 1s some mechanism
for decreasing tliec number of molecules that would ordinarily return
to the liquid, there can be no appreciable loss of mass. Almost the
entire loss from the liquid would be the small number of molecules
neecessary to raise the vapor pressure in the air immediately above the
liquid to its saturation value.

Molecules move away from the viecinity of an evaporating surface
by the ordinary phenomenon of diffusion. But diffusion is so slow
that there would always e nearly as many moleecules flying baclk into
the liquid as are flying away from it, and evaporation would be an
extremely unimportant process if the molecules were not removed
from the vieinity of the surface of the liquid in some other way.

Actually, the phenomenon of turbulent transfer in the atinosphere
1s by far the most eflective factor in carrying water molecules away
from an evaporating surface. Transfer by turbulent mixing is usually
at least 25,000 times as effective as molecular diffusion, and it may be
considered almost wholly responsible for any loss of moisture from an
evaporating surface freely exposed to the air.

REVIEW OF PREVIOUS METIIODS OF DETERMINING
EVAPORATION ¢

Sinee the rate of emission of water vapor from a land, water, or
plant surface cannot be measured direetly, as can the rate of water
accretion to the surface, and sinee the measured rate of loss of water
from a pan or atmometer cannot give this rate of emission, the meas-
urement of evaporation must be approached in an indirect manner.

Observations of evaporation from lakes, reservoirs, and pans have
been used in the development of many empirical formulas in which
evaporation is expressed as a function of meteorological data such as
temperature, relative humidity, barometrie pressure, wind velocity,
and solar radiation. Dalton (26) was the first to point out that
evaporation is proportional to the difference between vapor pressure
of the air at the water surface and that of the overlying air, although
apparently he never expressed this relationship in mathematical terms.

Rolhwer (718) has presented and discussed a number of evaporation
formulas. Most of these formulas contain the expression (e,—e,), ¢,
being the vapor pressure at the surface of the liquid and ¢, the vapor
pressure of the air, and a factor W, which expresses the influence of
wind velocity. Rohwer’s empirical formula is:

F=(0.44-+0.118T) (e,—e,),

¥ Summarized from Thornthwaite and Holzman (160).
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in which E is evaporation in inches in 24 hours, W is mean velocity
of surface wind in miles per hour, and ¢, and ¢, are mean vapor pres-
sures in inehes of mercury at the water surface and in the air, respee-
tively. Rohwer mentions the similarity of this formula to Dalton’s
original formula:

E=C(e,—eq).

A (different approach to the problem of determining evaporation
from lakes and other bodies of water has been suggested by Angstrt')m
(1). He indicated that there must be a balance of cnergy between
the insolation absorbed by a body of water and the energy exchanges
due to radiation, convection, conduction, and the latent heat of evap-
oration, and that evaporation might be determined by measuring
the necessary components of this equilibrium.  Richardson (111, 112)
and Cummings (20) have used this principle in determining evapora-
tion losses, but the difficulty of obtaining various essential measure-
ments, such as temperature gradients within the body of water and
heat exchanges due to conveetion, prevents the determination of ac-
curate short-time measures of evaporation and prohibits the deter-
mination of moisture losses from land areas. Yamamoto (180) has
made similar use of the prineciple of conservation of energy in his
studies of condensation of dew.

Studies of the structure of the lower atmosphere made in recent
years have yielded much essential information on turbulence and the
intensity of turbulent mixing in the air. In the turbulent layer the
mixing process depends on the shearing stresses associated with the
roughness of the ground and with wind velocity, and increases as the
values of these factors inerease. The mixing process also depends
upon the stability or density structure of the air, the intensity of
mixing diminishing, under otherwise constant eonditions, as stability
inercases. Beneath the turbulent layer there is a shallow layer, the
thickness of which is usually measured in millimeters, called the
laminar layer, in which air flow is laminar and vertical transfer of
momentum and admixtures proeeeds solely by diffusion. The vertical
motion of the air in the turbulent layer tends to establish an adiabatic
distribution of temperature and a uniform admixture of water vapor,
and thus to eliminate differences in moisture concentration. If mois-
ture is neither added to nor withdrawn from the turbulent layer its
moisture eontent quickly becomes uniform throughout.

On the other hand, water vapor emitted from an evaporating
surfaee is transported upward and seattered throughout the turbulent
layer. Thus, as long as a stream of water vapor flows upward into
the turbulent layer the moisture concentration will be highest at its
base and diminishes upward, and a moisture gradient directed upward
will be established. Such a gradient can be maintained only so long
as moisture continues to be added below. Soon after evaporation
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ccases, the moisture is distributed uniforinly throughout the layer,
and the moisture gradient is thereby destroyed. Similarly, if water
vapor is abstracted from the base of the layer by condensation in the
form of dew or frost, the moisture concentration there will be reduced;
and so long as removal of moisture contiiues, a moisture gradient
directed downward will be maintained. The greater the intensity of
turbulent mixing, the greater is the tendency toward the establish-
ment of uniformity of moisture concentration and the greater the
evaporation or condensation required to maintain a constant gradient
upward or downward. Similarly, the steeper the moisture gradient
which persists in an air column with a given rate of turbulent mixiug,
the greater is the rate of evaporation required to produce it.

From these facts it is evident that evaporation from any surface may
be determined by taking into consideration the vertical distribution of
moisture in the air and the intensity of turbulent mixing. The
general form of an equation for rate of evaporation based on these
considerations is

dq
Aa‘é’
in which A is the cocflicient of turbulent mixing, or the “Austaunsch
coefficient”” of Wilhelm Schmidt (129), and dg/dz is the rate of change
of moisture concentration with respeet to height above the evaporating
surface. Observations required to imeasure evaporation arc the
moisture concentration at two levels within the turbulent layer, the
heights of the two observations, so that the moisture gradient may be
obtained, and measurements of wind velocity at two or more levels
from which the intensity of turbulent mixing may be computed.

Jeffreys (57) and Giblett (40) were among the carliest investigators
to study the problem of evaporation in terms of atmosplieric turbu-
lence. However, because of various nonrigorous assumptions regard-
ing the nature of the Austaunsch coefficient, the value of their results
is limited, and they can be applied only to the evaporation from
bodies of water (17, pp. 270-275). Sutton (137), making use of
Taylor’s (151) researches, has extended Jeffreys’ analysis by assuming
that the Austausch coefficient varies with height. His theoretieal
work is in very good agreement with the experimental measurement
of evaporation for variously shaped arcas. Schmidt (730) has made
use of a formula devised by Ertel (37) for calculating the Austauscl
cocficient and claims to have measured the actual evaporation
from a meadow.

During the last two deeades great progress in the theoretical
treatment of the mechanism of turbulent interchange has been
made by various acrodynamicists, including Taylor (149, 150,
151, 152, 153, 154), Prandtl (103, 104, 105, 106), von Kdrmén (59,
60, 61, 62), and others (11, 113, 114, 115). TIn 1935, von Kérmén
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(61) published an exeellent summary of the problems associated with
the various thieories of turbulenee. Rossby (123, 124, 125) has made
use of von Kdrinén’s postulate of dynamie simlarity and the eoneept
of mixing length in his important researehes on atmospherie turbu-
lenee. Sverdrup (141), extending Rossby’s researches, has added
muech to our knowledge of the variation of the eoeflicient of eddy
viseosity under changing eonditions of thermal stability.

Although the theoretical treatment of problems of turbulenee is
still in thie initial stage, enough has been aceomplished to provide an
understanding of the mechanism of evaporation and to permit the
development of a formula by means of whieh evaporation from land
and water surfaees alike may be determined.

A diffieulty in the use of the theory of turbulence in the determina-
tion of evaporation is the faet that the laws of moisture transfer are
different in the laminar and turbulent layers, being linear in the former
and nonlinear in the latter. Leighly (82) avoided the turbulent layer
entirely and eonfined his study to the laminar or boundary layer, where
the specifie humidity gradient is linear and where the eoeflicient of
diffusion ean be used. Sinee the boundary layer is very thin if the air
is in motion, Leighly’s method would be useful only for determining
evaporation from small areas. (He thinks that the limit is a diameter
not mueh greater than 4 feet.) In faet, the making of moisture de-
terminations at two levels in a layer as thin as the boundary layer
would require a type of instrumentation not now available. With
existing instruments it is quite impossible to reeognize vapor pressure
differences within a distanee of a few millimeters. Thus, the use of
Leighly’s method must await the development of new instruments.

The problem of the difference of the moisture gradient and the
proeess of moisture transfer in the boundary and turbulent layers
eonfronted Sverdrup (7142, 144) in his study of evaporation over the
oceans. With the meager data at his disposal, consisting only of wind
veloeity and moisture conecentration at one level in the turbulent
layer and the temperature and salinity of the ocean water, he was
foreed to eonsider the gradients in both the laminar and turbulent
layers. Although this was aeceomplished with great ingenuity, the
final computations ean be eonsidered only as rough indieations of
oceanie evaporation. Millar (96), in his study of evaporation from
the Great Lakes, approached the problem in mueh the same manner as
Sverdrup, and his results are subjeet to the same limitations. Mont-
gomery (97) in 1940 published a series of observations of the vertieal
distribution of temperature and moisture made during July and
August 1935 over the surface of the North Atlantie. He made no
measurements of wind veloeity gradient, and the formula he developed
for evaporation from the sea surface is of the same general form as those
of Sverdrup and Millar.
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At this point it is possible to consider the physical limitations of the
various empirical formulas based on Dalton’s law, whieh have been
presented in an carlier paragrapli. These formulas are developed for
determining evaporation from free water surfaces and make use of
observations of the temperature of the water surface (from which the
vapor pressure of the air in direct contact with the water is determined)
and the vapor pressure and wind veloeity at some level in the turbulent
layer. Because of the previously mentioned difference in the moisture
gradients and the processes of moisture transfer in the boundary and
turbulent layers, it is impossible to derive simple emipirical constants,
to be used in connection with the difference between the vapor pressure
of the water surface and the overlying air (e,—e¢,) and a wind factor,
that will give more than a statistical approximation of the evaporation
from free water surfaces. If Sverdrup’s method of integrating through
the boundary layer is used, more satisfactory results, at least for large
water bodies, can be cxpected. Under no circumstances can such ob-
servations be used for determining evaporation from land or trans-
piration from vegetation. Those formulas employing the so-called
vapor-pressure defieit (6), the difference between the saturation vapor
pressure and the actual vapor pressure at somne level in the air (Z2;—e;)
are unrelated to the physical prineiples of evaporation and cannot be
expected to yield satisfactory results.

THE MEASUREMENT OF TURBULENCE

Air flowing along the surface of the ground encounters a frietional
resistance and is slowed down. The effeet of this resistance is felt
for hundreds of feet aloft. Within this zone of frictional influence
each suceessively higher layer of air moves faster than the one im-
mediately beneath so that shearing stresses are set up between them,
whichh result in the upward and downward displacement of small
masses of air, cach tending to preserve the horizontal velocity that it
had previously. If & mass moves upward to a faster moving layer,
in the process of mixing it will tend to retard the air in the higher
layer. Similarly, a mass of air moving downward will tend to speed
up the air in the lower layer. Thus, the difference in velocity between
two adjacent levels tends to be equalized as horizontal momentum is
transferred downward and ultimately dissipated at the ground. The
tendency toward equalization of velocity depends on the rate of verti-
cal mass interchange, or the intensity of turbulent mixing (fig. 5).

The greater the differences in veloeity between adjacent layers,
or the stronger the shear, the greater is the tendency for turbulence to
develop and to reduce the shear. If there were no external influences
Liclping to maintain the differences in wind velocity at different levels,
turbulent mixing would eventually equalize the veloeities in all levels
and the air would move as a solid. However, since the supply of
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momentum in the upper air is practically inexhaustible, and since
momentum is constantly being converted into heat and lost at the
ground surface, wind velocities 1 different levels are never completely
equalized. Thus, although turbulence tends to destroy shear, never-
theless the strongest mixing at a fixed level near the ground is asso-
ciated with tlie strongest shear.

The dependence of vertical differences in velocity on the iutensity
of turbulent mixing is important in the measurement of evaporation

30

25

n
[o]

)

HEIGHT (feet)

1S)

L

[¢] 2 4 6 8 10 12
WIND VELOCITY (miles perhour)

Ficure 5.—When vertical mixing is slight because of wecak turbulence, wind
velocity diminishes rapidly ncar the ground and reaches zero some distance
above it. As turbulence becomes stronger, vertical mixing increases and wind
velocity diminishes less rapidly until very close to the ground and reaches
zero nearer the ground surface.

(o}

because it enables us to determine the rate of mixing in the atmosphere
by measuring the vertical gradient of wind velocity.

The vertical transfer of horizontal momentum (the shearing stress)
is represented by the quantity 7., where it is assumed that the chief
flow is in the z direction. The actual horizontal momentum in any
level in the atmosphere is the product of the velocity, %, and the mass
of the air, m, at that level. If, in figure 6, 2 represents a given hori-
zontal cross section through the atmospliere, and if @, b, ¢, . . . n
and a’, b’, ¢/, . ... n' are bodies of air at levels above and below it,
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respectively, then in time, ¢, the total momentum transferred upward
and downward through this cross section will be:

T‘g,mvu,f, (1)
X émﬂh- (2)

Fioure 6.-—Masses of air, a, b, ¢, . . . n, are transferred downward and masses
a', ¥, ¢, . .. n' are transferred upward across horizontal plane ry.

The net transport of momentum downward will be the difference
between (2) and (1):

n n’
T, =thut—.’2 My Uy, 3)
i=a i'=q

but the velocity at any given level may be expressed as a departure
from the velocity at zy.  Thus, %, and u, may be written as follows:

U=u+ )‘i%?:’ (4)
Uy =Upg— )\11 %Z; (5)

where u, is the velocity in the z-direction in plane zy, N, and A,

are the perpendicular distances of 2 and i’ from ay, and du/dz is the

rate of change of wind velocity with respect to height.
Substituting for u, and u, in (3):

T.| =i="2a mi(ua+ )‘1%1";) 1-Zami’<uo Ay d(—;‘:) (6)
Tyl = thu,rl-me ‘th'u +th’)\1'(fi (7)

The terms th' and Zm, designate the total mass of air trans-

i=a
ported upward and downward respectively. Thus:

thuo Emi’uay (8)
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and

d n n’
=(Zmagmo) ®
nl

n
in which >3 m A+ > m, Ay represents the eombined sum of all the
i=a i'=a’

masses of air transported both upward and downward through their
respeetive distanees, \, aeross section zy having area f in time ¢.
For unit area and unit time this expression would be

m,)\, my A
or simpl
Frrd ft +t’—a' ft — OI' 8 pbly th

This expression is an index or eoeffieient of turbulent interehange of
momentum, or the Austausel eoefficient, 4. It is also called the
eocfficient of eddy viseosity.

A=3") (10)

The net downward transport of momentum, 7, |, is the shearing
stress, whieh is represented by the symbol, 7. Thus, the general
equation for shearing stress is

d
T=Ad—z- (11)

By considering the problem from a slightly different viewpoint, a
seeond equation for the shearing stress may be obtained, and the
value of A in equation (11) ean be determined. If the mean values
of the veloeity eomponent of the air in the three direetions, z, 7, and
z are indieated by u, », W, and the instantancous deviations from
these mean values by u’, ¢/, and w’, the aetual veloeities, u, v, and w,
would be

u=u+vu’,
=17+, (12)
w=0-F+w'.

Sinee the prineipal flow is assumed to be veloeity % in the z-direetion,
veloeities to the right and left eounterbalance caeh other, as do
upward and downward veloeities. Consequently, the average veloe-
ities to the right and left (%), and up and down (), are zero. 'Thus,
v=v" and w=w".

The mass of air passing up or down through a unit area of the
horizontal plane in an element of time will be pwdt. The momentum
of this mass, having veloeity « in the z-direetion, will be puwdt, and
this is transferred vertically upward through the horizontal planec.
Therefore:

Ty T =puwdt. (13)

426690—42-——2
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Substituting the values of w aud w:

T, =p@+tu’) (@+w)dt, (14)
T, 1 =p@w+uw +uwwtu'w)dt. (15)

Sinec the main flow is % in the z-direetion, the actual veloeities upward
will be equal to those downward, and the mean value of these vertieal
velocity eomponents w will be equal to zero. Then:

T. 1 =puw’ +u'w')dt. (16)
This equation gives the transfer of momentum during time interval

dt. Over a longer period of time, T, the average momentum transfer
will be:

T
Tt =g, @+, an
or from (13):
T
7,7 =—;10f puwdt. (18)

T
But the expression (1/ T)O f puwdt merely represents the average

momentum transfer in unit time, or simply p¥® (mean value of puw).

T,1 = puw. (19)
Simitarly, from the relations expressed in (17):
T, = pw’ + pu'w’ - (20)

Although ', the mican value of w’, is zero, it does not follow that
the mean value of the produet w'w’ is likewise zero. That ww’ does
not equal zero is due to the fact that there is a negative correlation
between u’ and w’. However, the term %w’ equals zero beeause u
for any given situation is a eonstant. Therefore:

Since
Tu\‘/ Z—TuT)

and T, | is the force which the upper air exerts ou the lower, or r,,,
it follows that

Tra—=— pUW W * (22)
Because of the normally negative correlation between «' and o', 7,,
is actually normally positive, as should be expected from the fact that
the faster air drags the slower with it.

The negative correlation between w/ and w’ results from the fact
that the horizontal component of wind veloeity increases with height.
When a mass of air rises to a higher level its vertical veloeity, w, is
positive, and because the average value of the vertiecal veloeity, w, is
zero, w' is also positive. As it rises, it tends to retain its initial liori-
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zontal velocity, u, and since this is less than the average horizontal
velocity, %, at the new level, ” is negative.  Similarly, when air moves
to a lower level, and w’ is negative, its velocity, %, is greater than the
average velocity, %, in the new environment, and % is positive. Thus,
the instantaneous deviations of the velocity 4’ and w’ arc of neccssity
opposite in sign; when one is positive, the other is negative, and the
product u#’w’ is ncgative.

The shearing stress, —pw'w’, or the average transfer of momen-
tum, represents a tangential force per unit area that is cntirely due to
the turbulent motion in the fluid. Actually, the total shearing force
must also take account of a force that is due to the viscosity of the
fluid. Thus:

szzﬂj—:- p’ll,,'wl ’ (23)

where p1s the cocfficient of molecular viscosity and du/dz is the
gradient of the mean velocity.

In the immediate vicinity of a solid boundary surface, the turbulent
stress becomes zero becausce the eddy vclocity components become
vanishingly small. The laycr or zone dircetly in contact with the sur-
faceis known as the laminarlayer; only herc is the term u (du/dz) of
any importance. In the turbulent layer proper, the shear term due to
molceular viscosity is so small in comparison with —puw’ that it
may be entirely negleeted.

The wind velocity terms in equation (22) are the instantaneous
deviations of horizontal velocity #” in the z-dircetion and the mstan-
taneous deviations of vertical velocity w’ in the z-dircetion. These
values ean be measured only with very speeialized cquipment. Sinee
only the mean value of the velocity in the z-dircetion, %, is readily and
regularly measured, further devclopment of equation (22) is neecssary
i order that the shearing stress may be expressed in easily measurable
quantities. Thisis accomplished through the use of Prandtl’s theory of
momentum transfer (32).

If a pareel of air having mean veloeity % is transferred upward
through distance N where the mean veloeity is 7 + \(du/dz), and its
initial mean veloeity is preserved in the new environment, it follows
that

U —u—(u-}—)\— =—)\g—

Measurements have shown that on the average in the turbulent
atmosphere therc are equal amounts of kinctic cnergy associated with
all three wind velocity components, 4/, o/, and w’. Hence, w’ must,
on the avcrage, be proportional to the distance A, through which the
turbulent eddies travel and to dz/dz, so that w’ is of the form A (du/dz)
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although not necessarily equal toit. Remembering that «’ and w’
are opposite in sign and substituting in (22) we obtain:

dﬁ 2
e pl2<(—i-z : (24)
in which A is replaced by I, whieh is & mean length known as the mixing

length.

The mixing length is considered as the vertical distance traveled
by the eddies from the level where they originated to the level where
they lose their individuality and mix with the turbulent fluid sur-
rounding them. This “path of mixing” is related to the size of the
eddies; the larger the diameter of an eddy, the greater the distance it
may travel before it disintegrates. Apparently, too, the size of an
eddy 1s directly proportional to the distance from the boundary surface
at which it forms. Thus, the mixing length is proportional to the
height (32, pp. 250-265; 59; 60; 105; 106, pp. 123-135). This rela-
tionship is shown by the expression

l=-—-k02, (25)

in which k; 1s a eonstant of proportionality, known as the “universal
turbulence eonstant,” or von Kdrman’s constant.

At times of very light winds and strong radiational cooling next
to the ground—that is, with high atmospherie stability—the mixing
length may not be proportional to height.  However, there is a layer
within 16 feet of the ground where the relation I=k,z is very close even
under conditions of extreme stability (138, 141, 143, 145, 1/6).

Substituting for [ in (24) we have

7= p(ko2) 2(%—1—; 2' (26)

By combining the two equations for shearing stress, (11) aud (26),
an expression for the Austausch coeflicient is obtained.

du
A= P (koz) 2<—d—z> (2 7)
Solving for dit/dz in (26) we obtain:
du 1 |7
e (28)

The shearing stress, 7, can be considered as constant within 20 or
30 feet of the ground, according to Prandtl (105), and the vertieal
differences in density arc so small within this distance that they can
be negleeted. Thus, equation (28) can easily be integrated. Inte-
grating between the limits %, and %, for the veloeity, and z; and z, for
the height, we have

22

- . 1
Uz—%:k—o\/%logz . (29)
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Solving for +/7/p:

\/E:k @2:@1)
P °10 2 (30)
e 2

Combining (27), (28), and (30) we have a simplified expression for the
Austausel cocflicient:
A=Pk022(772';771). 31)
loge—z%
Equation (31) shows that A4 is proportional to z, or in other words,
the Austauseh varies direetly with height, beeause in any given situ-
ation all the other terms are eonstant.

THE EQUATION FOR EVAPORATION

Moisture is transferred upward through the atmosphere by the
saine turbulent motion that causes a downward transfer of momentum,
and by an analytieal treatment sinilar to that employed in the devel-
opment of equation (11) it ean be shown that

dgq
E=—Ag- (32)

in which F is evaporation, dq/dz is the gradient of moisture eoneentra-
tion, and A is again the Austauseh eoeflicient, or, in this ease, the
coeflicient of eddy eonductivity. Sinee it is reasonably assumed that
the Austauseh for momentumn and matter are the same, the value of
A in (31) can be substituted in (32):

_ pkj2(u,—,)dg
E— N 33)
0‘:’921
and
7 1o 22
&z =) (

This equation ean easily be integrated between two different levels in
the atinosphere:

E logeé 2
- — _—l,._. o
0= ) 8 3%
2 NG
E= pko (!ll q?) (uZ ul) (36)

N\ 2
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In case the measurements of moisture and wind are not made at
the same levels a more general form of the equation is required:

F= pk 2(q1_q2) (ﬁZZ_TI’l) s (37)
Ug
2"1

logc fa logg

where ze, and z¢; are levels where moisture measurements are made
and z3, and z3, are the levels eorresponding to the wind measurements.
The much greater eonvenience of equation (36) indicates that wherever
possible the measurement of moisture and wind should be made at
the same levels.  All values are in CGS units.

The formula giving evaporation in inches depth per hour is

1.34 k2P (g1 —q>) (uz—ul),

E= e
(T+459.4)(Iogez—2
1

(38)

where kg is the universal turbulence constant, P the pressure in inches
of mercury, ¢; and ¢, the specific humidity in grams of moisture per
kilogram of air, 4, and u, the mean wind velocities in miles per hour
at heights z, and z;, and T the temperature in degrees Fahrenheit.

Frequently the water vapor concentration at the two levels is most
conveniently expressed as vapor pressure, e, or as absolute humidity,
po.  These values are related to speeific humidity, ¢, as follows:

e
q=0.6225 39)
where P is total pressure of the air, or
L 40
= Pa ( )

where p, 1s density of the air.
Thus, equation (38) may be written as

833 ,C (61"“62) (UZ—Ul)
(T+459. 4)<]og,—)
where ¢; and ¢, arc in millimmeters of mercury at z; and 2. Siuce the

density differences in the air within a few feet of the ground can be
neglected,

E=

(41)

0.063 k. (pu1— pu2) (Uz—ul)

(logfz) (42)

where E is the total evaporation in the time interval, p, and p,e are
the average absolute humidities at z; and z;, expressed in grams of
moisture per cubic meter of air, and u, and u, arc total miles of wind
in the time interval.

=
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Four terms appcar in the evaporation equation; the universal
turbulence constant, k,; the ratio of the heights of the two points of
observation, z:/z;the moisture gradient, ¢; —¢.; and the wind gradient,
us—uy.  The accuracy with which evaporation is determined depends
on the accuracy of measurement of cach of these terms. The problems
of measurement will be discussed in the following sections,

TILE DETERMINATION OF THE QUANTITY z/z

From equations (29) and (35) it could be predicted that the vertical
distribution of both wind velocity and moisture concentration would
follow a logarithmic law within the part of the turbulent layer where
shiearing stress, 7, and density, p, may be considered constant; and
actual observations have repeatedly demonstrated this to be true.
Of course the logarithmic law applies only above the level where
active turbulent transfer begins.

Over a smooth surface there is a laminar layer, only a few milli-
meters thick, bencath the turbulent layer, in which turbulence does
not operate but momentum is transferred by intermolecular friction
and moisture by molecular diffusion. If the logarithmic law held
down to the top of the laminar layer, wind velocities would reach
zero at asmall distancc above the physical bounding surface, z,, within
the turbulent layer. Actually, there are small finite velocities in the
laminar layer and in the turbulent sublayer immediately above it.
In the turbulent sublayer the shearing stress is no longer constant
but diminishes rapidly as the laminar layer is approached. Con-
sequently the logarithmic law docs not apply in the lowest part of
the turbulent layer itself.

A most important influence on the operation of the logarithmic law
is the presence of a cover of vegetation over the ground surface. In a
field of grain much of the momentum of the lower levels of the atmos-
phere is transferred downward to the ground along the plant stems
and very little by turbulence. Thus within the plant mass the shear-
ing stress, 7, is greatly reduced, and the logarithmic law consequently
does not apply.

Lettau (85, p. 73) has rcached the conclusion that moleeular con-
duction and diffusion are the principal means of transfer in the
atmosphere within or below a thick plant canopy and cites as evi-
dence the work of Geiger (39) on heat transfer. It is probable that
only in the densest vegetation is turbulent transfer entirely suppressed.
A thick layer of sphagnum moss would provide such a cover. Mass
transfer of momentum and moisture takes place within the plant
mass in a grain field or in a woodland or forest but at a greatly reduced
rate, which is much less than that in the air above the tops of the

plants.
Since the logarithmic law applies only above the level where active
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turbulence begins, this level rather than the ground level is the base
of reference for the wind-veloeity profile and may be designated the
souree surface for turbulent transfer. Through the scason, as plants
grow to maturity, the source surface gradually moves away from the
ground and the layer in which the logarithmic law does not operate
becomes thicker. As wheat or corn develops, the source surface
rises, and its average position remains near the tops of the plants.
When the erop is harvested the source surface drops to a position
close to the ground near the top of the stubble. In a forested area
the logarithinie law of wind distribution would be expected to apply
only above the tops of the trees, and the souree surface is at such a
height that only the tallest trees extend above it.  Thus, in a mature
forest the souree surface might casily be 100 feet above the ground,
with most of the momentum of the atmosphere reaching the ground
along the tree trunks.  Wind movement within the forest demon-
strates the failure of the logarithmic law.

The lack of comeidence of the souree surface with the ground sur-
face is apparent in winter after a fall of snow. As snow accumulates
on the ground the level of the source surface, in this case also the
evaporating surface, rises. As the snow melis away, the source
surface gradually returns to the ground level.

It is neeessary to distinguish between the ground surface and the
source surface because the measurements of wind veloeity and mois-
ture coneentration are made at fixed heights above the ground sur-
face, whereas the logarithmie law applies with the source surface as a
base of reference.  Thus, as the souree surface rises with the accumnu-
lation of snow on the ground or the growth of vegetation there is a
reduction in the effective height at which the observations of wind
velocity and moisture concentration are made. Thus,

z=h—h,,

in which /& is the height above the ground of the instrmnents used in
the observations and z is their height above the souree surface.

The terms z, and 2z, in the evaporation equation, therefore, do not
represent. heights above the ground but rather heights above the
source surface for active turbulent transfer. Sinee they may differ
greatly from the measured heights above the ground, 2, and Ay, it is
neeessary to determine the height of the source surface k,.

The wind velocity profile over three types of surfaces is shown in
ficure 7. The surface in figure 7, A is smooth, and the source surface
and the natural surface coincide. Henee, z;, 2, and z are the same
as hs, hy, and k. As the logarithinie distribution is extrapolated
downward wind veloeity would become zero at height z,.  Actually
the logarithmie law fails a short distance above z,, and small finite
veloeities are to be found down through the laminar layer (ineluded
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in z,) to the actual physical surface. The surface in figure 7, B is
covered with dense vegetation. Here the source surface is a distance,
ko, above the ground surface and z;, z,, and z, are less than A;, by, and
hy by that distance. By extrapolation of the logarithmic distribu-
tion downward z, is seen to be a short distance above b,. Actually
wind veloeity does not disappear at z, but continues down through
the vegetation to the ground. In figure 7, € the surface is repre-
sented as being covered with a mantle of snow. The situation here
is similar to that of the smooth surface (figure 7, A) except that the
heights z3, 2, and 2z are less than A, h,, and A, by an amount, &,
equal to the thickness of the snow mantle.

fl 5 N D ow

i B s b

Firoure 7.—Schematic representation of the wind veloeity profile near the
ground: (4) Over a smooth surface; (B) over a vegetation-covered surface ;
(C) over a snow-covered surface.

Sometimes the source surface, b,, can be measured directly, and
sometimes, as over a water surface or over a bare smooth field, it is
so small that it can be ignored. It can readily be determined from
measurements of wind veloeity at three levels within the zone where
the logarithmic law holds. If the heights of the points at which wind
velocities us, u,, and u, are observed are hs, hy, and h;, then, as in
figure 7, B,

h3—"ho=23;
hQ_ho:ZQ, (43)
hl—ho=21.

Beeause of its logarithmic vertical distribution, wind velocity can
be related to height by the equation

h—h,=z,b*, (44)
in which wind velocity becomes zero at some finite distance, z,, above
the evaporating surface. This may be rewritten in the form

log, (k—h,)=log.z,+u log . b. 45)
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Substituting the values for three given points (uy, ki), (42, hs), and
(us, hs), we have:

log . (hs—h,)=log . z,4+u; log b, (46)
log, (hs—h,)=log.z,+u; log.b, “n
log . (h'—h,)=log .z, +u, log,b. (48)
Subtracting:
log, (hs—h,)— log . (hy—h,) = (us—u,;) log b, (49)
log. (hs—h,)— log, (hi—h,) = (uz—uy) log . b. (50)
From (49) and (50) we obtam:
hs—h,
Us— U1 __ log.7 =3, o —h, (51)
et 10geh2 Z

It is not easy to solve this equation for h,, but the determination of
the values of (uz3—u,)/(v.—wu;) which correspond to given values of &,
can be made without difficulty. In table 2 the values of &, correspond-
ing to given values of (uz—u)/(u,—u;) are given for an installation
where wind veloeity measurements arc made 4, 8, and 16 feet above
the ground.

TasLe 2.—Values of h, for corresponding values of (uz—u;)/(us—uw,) where h3=16
feet, ho=38 feet, and hy=/ fee

Uz—U i U3—uy » | U3—1n ho uz—uy h
UI—~Uy ¢ uz— ¢ ! Uz~ ug— Uy ‘
|
Feet Feet Feet Feet
1.21 ... 3.975 3.661 161 .. 2.928 ' 1.81.._____ 1.726
122 _____ . 3.969 3.634 162 .. 2.880 | 1.82 __________ 1.652
123 .. - 3.962 3.606 || 1.63 . - 2.831 | L83 ... 1.577
124 . .. - 3.954 3.577 || 1.64 _____ 2.781 || 1.84 . ___ 1. 500
125 3.945 3.547 1.65 - 2.729 || 1.85 . . __ 1.421
1.26 - 3.935 3.516 | 1.66..________ 2.676 || 1.86..__._.___. 1.340
1.27 - 3.924 3.484 1.67 . 2.622 || 1.87__. - 1.258
1.28 - 3.912 3.451 168 2.567 || 1.88 1.174
129 3.899 3.417 | 169 2.510 | 1.89. 1.088
130 . .. 3.885 3.382 | 1.70.. 2.452 | 1.90_. 1.000
131 . . 3.870 3.346 | L.71. 2,393 | 1.91 .010
132 .. 3.854 3.309 | 172 2.332 | 1.92. 818
133 3.837 3.271 1.73 . 2.270 || 1.93. .723
134 .. . 3.819 3.232 1.74 2.207 | 1.94. .626
135, ... .\ 3.800 3.192 1.75. 2,143 | 1.95. .527
1.36._ 3.780 3.151 1.76. 2.077 | 1.96. 426
137 . 3.759 3.109 || 1.77 2.010 | 1.97 .323
138 ... 3.736 3.066 || 1.78__ . 1.941 | 1.08. L218
139 . .. 3.712 3.021 179 ] 1.871 | 1.99__ L110
1.40. 3.687 2.975 || 1.80. - 1.799 || 2.00. .000

|
|
|
|
I
|

The height of the source surface above the natural surface will
depend on surface roughness, which results from irregularitics in the
surface itself and in the distribution of vegetation and other objects
upon it. Over a smooth ice surface the source surface will be near
the physical surface. Where there are surface irregularities the two
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surfaces will not coincide, but the effective source surface will be
above the natural surface. The height of the source surface also
dopends upon the strength of the wind and rises with increase in wind
velocity.

Another important influence on the height of the source surface,
ho, is the vertical temperature structure of the atmosphere. When
the lower levels of the atmosphere become increasingly stable, as
when the air adjacent to the ground is cooled more rapidly than that
above, there is an increasing tendency for the various layers to remain
in their original position. Thus, the intensity of turbulent mixing,
measured by the Austausch coefficient, is reduced and there is a
smaller downward transfer of momentum. There is, therefore, less
tendeney for the equalization of wind velocity in the source levels,
and the wind velocity gradient tends to increase. As a result, the
position of the source surface is raised and the layer within which the
logarithmic law does not operate becomes thicker (fig. 6). This change
has nothing to do with the charaeter of the roughness of the surface
but is related solely to the stability of the atmosphere.®

Extrapolation of the logarithmie distribution of wind veloeity down-
ward to the souree surface yields a mean velocity of zero at a small
distance aboveit. This distance is the height, z,. It has been known
as the roughness coeflicient and has been considered to be a physical
constant for each type of surface;it is quite small, averaging only about
0.4 centimeters (97, 125, 141, 143, 145, 146). In the layer between
the souree surface and the height z,, turbulence would still exist and
tliere would be a small mixing length in which the relation

I=k,z,

would apply just as in the higher levels.

Actually there is no physical justification for extrapolating the
logarithmie distribution of wind velocity downward to the source
surface, sinee within the transitional layer near the source surface the
shearing stress, 7, is reduced and the logarithmic law does not apply.
Wind velocity measurements near the surface are regularly higher
than would be expeeted on the basis of a logarithmie distribution.
Probably neither A, nor z, has any physieal reality, but they are
both useful statistical concepts. Even though the logarithmie law
does not apply within the layer itself, the height 4, supplies a base of
reference for determining the ratio z,/z for the levels where it does
apply.

The height z, eannot be measured directly, but since it is the level
at which wind velocity becomes zero by downward extrapolation it
can be determined from measurement of wind velocities at two levels,

¢ The influence of stability was discussed in a series of papers by Paeschke (100), Sutton (188), and Sver-
drup (141, 143, 145, 146)
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he and hy, provided the value of &, is known. Fromn equation (44)
we obtain:

hy—ho=z,b", (52)
hi—h,= z,b™. (53)
Henece:
(h, _ho) U3 —ee ~au2bu|+u:’ (54)
(h2__ho)u|= Zau|bun+u1. (55)
Dividing:
(hl_ho)u’_ ug—uy
(s o
1
| (ha—h)" o 57)
2o (ha—h,)m

Table 3 gives the average hourly values of the term z, for 7 months
at the evaporation station at Arlington, Va. There is a definite di-
urnal variation in every month, with z, reaching its maximun height
in the hours near midnight and its minimum about noon, in direct
relation to the diurnal mareh of stability of the lower layers of the
atmosphere and in inverse relation to the diurnal march of wind
veloeity.” The gradual inerease from January to May may be due
to increased roughness of the surface assoeiated with the growth of
the vegetation, and the deereases in June and July may have resulted
from repeated mowing of the field.

TaBLE 3.—Diurnal varialion of z, by months at Arlinglon, Va., 1939

Average z, for hour ending at—

Month 1

Cm.. Cm. | Cm. [ om. | om. | om. |Cm Cm. Cm.| Cm.| Cm. | Cm.

January__________________ 0.220 0.155 |0.205 0.210 0.230 0.435 0.279 0. 329 0.099 0.049 0.018 0.017
March_ .. . | .244 | .366 | 457 | .402 | .390 | .488 | .421 .067 | .073 . 040 | .027
Aprii_______ . .|1.143 [1.676 |1.445 | .853 [1.210 1.774 1.082 .984 .860 | .268 | .274 | .350
May . 1.570 |2.124 |1.600 | .604 | 567 | .533  .762 .610 | .396 | .226 . 244 |, 414
June_.___________________ 1.814 |1.783 |1.530 1.896 [1.372 |1.420 .914 | .853 | .329  .183 ,238 | .134
July.. 1.048 |1.100 | .975 .914 1.052 | .914 .820 | .407 | ,555 .984  .002 | .616
August___________________ I1 219+| .457 | .914 | .524 | .564 | .110 .110 | .116 | .024 .116 .067 |.073

Average_ .__________.___._ 1.037 |1.096 1.018 .772 | .769 | .810 .628’.502 .333 0 .271 | . 255 | . 233

Average 2, for hour ending at—

Aver-
1 2 | 3|4 5 6 7|8 | 9 |1w0|1n 12 Z°2C
Month !p.m. p.m. | p.m. | p.m.|p.m. p.m. p.m. p.m p.in | p.m|p.m p.m.
lCm I cm. | cm. | om. om.| cm. | om. | om. | Cm. | om.| Om. cm.
January__________ 0.007 0. 056 0.014 0.030 0.127 0.127 0.360 0.420 0.355 |0.320 0.159 0.441 0.194
I\Iarch .049 | .027 | ,061 | .046 | 110 .213 | .350 .366 @ .518 | .579 | .549 | ,579

273
(354 | .564 | .300 | [445  .326 866 |1.402 2.073 2.104 [1.536 1524 |1.329 1.038
.299 | .149 | ,335 | .866 | .780 1.311 3.048 3.749 2.062 4.380 3.658 2.134 1.431

L183 | 350 | .402 | 350 .573 .594 | .744 1.021 | .878  .930 1.494 1.768 . 906
670 | .661 | .628 | 838 | .008 .033 |1.265 1.896 2.012 |1.658 |1.082 | .994 | . 997
.076 | .067 | .164 | .094 | .177  .335 | .670 .357 @ .488 | .366 | .472 | .579 | . 339
—_——— e ———

Average__________ .234 ' .268 | ,285 | .381 | .429 .626 |1.120 |1.412 1.487 I1.397 11,277 |1.118 . T40

7 Observatlons made at Beltsville during 1941 have shown that z, is 0.4 cm. only when the wind approxi-
mates 334 miles per hour at the 4-foot level. With wind velocities of 1 mile per hour 2z, is greater than 0.60
cm., hut at 9 m. p. h. it is only 0.06 cm.
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The influence of stability on A, is not significant in determining
evaporation, and in installations where there is no other reason for
the evaporation surface to be other than the natural surfaee no appre-
ciable error will result from eonsidering z; and z; to be equal to A,
and h;. Where this ecan be done with safety, the quantity z/z
becomes a constaut which can be eombined with the other constant
in the evaporation equation, and wind veloeity measurements at only
two levels will be required. F¥or evaporation installations over most
land surfaces, b, must be taken into eonsideration and ecither obtained
by direet measurement or computed from measurements of wind
veloeity.

TUHE UNIVERSAL TURBULENCE CONSTANT

The constant of proportionality, k,, relates the mixing length, /,
to lieight, 2, and lhas become known as the universal turbulence con-
stant. The value of k, Lias been determined mainly from measure-
ments of velocity distributions of water in smooth and rough pipes
and from wind tunnel measurements and has variously been found to
be 0.36, 0.38 (123, p. 6), and 0.40 (60, p. 11). A recent study of flow
of water in opcn ehannels has indieated that k, may have values be-
tween 0.22 and 0.43, depending on the geometry of the ehannel (148,
p. 643), but there appears to be considcrable uneertainty about the
correct determination of the shearing stress.

The determination of a &, that is appropriate forr conditions in wind
tunnels and pipes is straightforward because independent measure-
ments of the shearing stress may be made in terms of the pressure
distribution as well as the velocity distribution. No suelr straiglit-
forward procedure can be used in the free air. Consequently, the
value of %k, lias never been determined for the atmosphere. In the
computation of the evaporation data whichi are presented in a later
section (pp. 47-62), the value 0.38, following Rossby’s usage (124, p.6),
Lias been employed. Montgomery (97) suggests that a value some-
what higher than 0.38 may be morc appropriate for the atmosphere.

Ertel (31) has developed a formula by means of which the Austauseh
coeflicient may be determined from observations of short time fluc-
tuations of any physical property of thic atmosphere, such as momen-
tum, temperature, specifie humidity, or dust. Lettau (84) and
Miiller (¥8) have made use of Ertel’s Austausel formula for wind and
temperature, respeetively, and Fritzsche and Stange (36) have
applied it to a study of the vertical temperature distribution over a
metropolitan area. Schmidt has also used Ertel’s formula for deter-
mining the Austausell from very detailed wind observations. In
addition, Schmidt extended his Austausch measurements to the
vapor transport problem and elaims to have measured the evapora-
tion from an open grassland (130, pp. 365-367).
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Ertel’s Austauseh equation does not contain the proportionality
factor, k,. Thus, if it 1s equated to the expression for the Austauseh,
given in equation (31), it is possible to determine the value of &, from
measurements of the short-time fluctuations of wind velocity.

Ertel’s formula for determining the Austausch for momentum is

du)
PO gy

@

whiere p is the density of the air, % is the actual wind velocity at
level z, du/dt is the change of wind veloeity with time, diz/dzis the change
of average wind veloeity with height, ¢u is the standard deviation of
u, and o(du/df) is the standard deviation of du/dt.

Combining the two ecquations for A, (31) and (58), we get the
following expression for &,

(58)

ou. a( >10g e——
d_dt (59)
<d > (‘2“1‘1)
but from (28) and (30):
di -,
" o)
z log . =
21

Substituting in equation (59):

ou. a(dt) (lo -

(up—uy)?

The terins ou and odu/dt can be determined with the aid of the fol-
lowing formulas, where the element u is observed at_equal short time
intervals and has a series of values u,(1=1,2,3 . . . n):

w i =u,—7, (62)
—
>y

cou=Y = P (63)

If the time interval between suecessive observations of u is At then
ocdu/dt may be caleulated with the aid of the formula:

fmer
g: [y —ud
> At\/ T a—1 (64)
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THE MEASUREMENT OF ATMOSPHERIC MOISTURE

In the cvaporation equation the moisture term appears as a differ-
ence between the humidity at two levels in the atmosphere, a difference
which is usually very small. Proportionately small crrors in observa-
tion can result in large percentage errors in the difference and conse-
quently in the final computation of the cvaporation. Thus accurate
mcasurements of atmospheric moisture are indispensable to the success-
ful application of the method.

Although for many years there have been a number of ways whereby
the amount of water vapor in the atmosphere could be measured, none
of them is ideally adapted to the problem of measuring the transfer
of moisture between the ground surface and the atmosphcre. The
four methods of determining atmospheric moisture in most common
use are (1) the chemical-absorption method; (2) the temperature of
condensation, or dew-point method; (3) the psychrometric method;
and (4) the hygroscopic expansion method. All are well known and
need be described only briefly (2, pp. 185-160; 34; 56, pp. 12-16; 101.

In the chemical method a measured volume of air is passed through
tubes containing a desiceating material, such as phosphorus pentoxide,
and the water absorbed from the air is measured, usually as a gain in
wecight of the apparatus during a designated period of time. Under
favorable conditions the average absolute humidity as an integrated
value for the period of a day can be determined to within 0.1 percent
of its true value. Where a sample of air can be quickly withdrawn
from the atmosphere its moisture concentration at & given moment can
be determinced with equal accuracy. The chemical absorption method
has been generally regarded as being principally a laboratory tech-
nique and of limited value for making field mcasurements.

In the condensation method the essential apparatus consists of a
polished metal mirror which can be cooled several degrees below air
temperaturc and whose temperature can be observed or recorded. In
operation, the mirror is cooled until moisture condenses on its surface,
at which time its temperature is observed. The mirror is then
allowed to warm up until the moisture disappears, and the tempera-
ture is again observed. The mean of the two observations is con-
sidcred to be the dew point. The condensation method is not ordi-
narily employed in making meteorological observations.

The wet- and dry-bulb psychrometer is perhaps the most familiar
instrument for making determinations of atmospheric humidity. It
consists of two matched thermometers, the bulb of one being wrapped
with a muslin wick, which is wet when observations are to be taken.
Air is circulated past the bulbs, either by means of a fan or by whirling
the thermometers. The dry-bulb thermometer gives a reading of air
tempcrature; the temperature of the wet bulb is depressed by an
amount dependent on the rate of evaporation of the water from the
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wick, which i turn depends upon the dryness of theair.  Relative
humidity 1s determined by reference to psychrometric tables. The
method is a favorite one because of its simplicity, but it is subject to
instrumental and observational errors and often fails in weather when
the water freezes in the wick of the wet bulb, and in extremely dry
weather ridiculous results are sometimes obtained (101).

Instruments utilizing the principle of the wet- and dry-bulb
psychrometer that give a continuous record have been built, but
i them the crrors inherent in the method are subject to further
exaggeration.

Tibers of hygroseopie material inerease in length when exposed to
air of high relative humidity and shrink in dry air. In the hygrometer
some hygroscopie substance is attached to an indicator needle so that
the needle is deflected with changes in relative humidity of the air (77).
In the hygrograph apen that makes a continuous record of the rela-
tive humidity is activated through a system of levers by a hygroscopie
substance.

Many hygroscopic materials both natural and synthetic have been
used experimentally in humidity-indicating and humidity-recording
istrumentts but none has yet beenr found that is more satisfac-
tory than human hair. The hair hygrometer is extremely sensitive
to changes in atmospheric humidity, but it possesses the incurable
defect of drifting out of calibration. Iurthermore, each instrument
must be calibrated individually in termns of standard known humid-
ities. No hair hygrograph can be expected to give a reliable record
unless it is checked and recalibrated at frequent intervals (54, 132).

To be of practical use inn the determination of atmospherie humidity,
instruments should be reasonably inexpensive and so simple in opera-
tion that observations can be made according to a prescribed routine
by imexperienced observers. For that reason metcorological practice
in the measurement of humidity in the United States is limited to the
wet- and dry-bulb psychrometer and the hai hygromneter, despite the
recognized defects of both instruments (101, p. v).

The hair hygrograph is the only instrument in common use that will
make & continuous record of atmospheric humidity. It was this fact
that led to the scleetion of the hygrothermograph for use in the
original evaporation measurements,

UsE oF HYGROTHERMOGRAPNIS IN EVAPORATION MEASUREMENTS

The hair hygrometer is recognized as being deficient in many
respects, and unless great care is used, satisfactory results cannot be
expected. The chief deficiencies are the uncertainty of registration
of very high and very low values and the tendencey for cach instrument
to develop individual peculiarities as a result of the particular changes
to which it has been subjected.
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The fact that pairs of instruments continue for some time to behave
similarly after they have been carefully calibrated and matched, pro-
vided they are kept together and have the same history, makes it
possible to use hygrothermographs successfully in evaporation meas-
urements.  Detailed instructions for the calibration of hygrothermo-
graphs and instructions for their use in evaporation measurements
have been presented elsewhere.® 1t shiould be borne in mind that no
manufacturcr can exercise the necessary care in calibration; thus, new
instruments must be calibrated before they can be used.

In order to be certain of the results obtained by the use of hygro-
thermographs in evanoration stations, six instruments should be used
on cach installation. All six instruments must first be carcfully cali-
brated; then they may be grouped in pairs and used in succession on
the tower. DBefore two instruments arc used they should be given a
background run side by side out of doors in an instrument shelter.
After use they must be given another background run and then a
calibration run in the moisture chamber.

At the original evaporation station in Arlington, hygrothermographs
were used to determine the moisture coneentration at two levels in
the atmosphere. A tower was erected so that an instrument shelter
large ecnough to house a hygrothermograph could be raised to a height
of 28 feet and lowered for servicing. Another shelter accommodated
a sceond hiygrothermograph 2 feet from the ground (fig. 8). All the
data presented and discussed in later sections were obtained from this
or a similar installation.

Satisfactory records may be obtained in this manner, but the high
initial cost of instruments and the enormous labor involved in making
the observations prohibit the use of hygrothermographs in any
practical program for measuring evaporation.

The primary objective of the evaporation study is to develop a new
type of climatic data, namely, evaporation from the natural land sur-
face, and to obtain these data for many different types of areas in the
various parts of the country. With the goal of establishing perhaps
hundreds of evaporation stations it became evident that the cost of
installation and operation would have to be reduced to a minimum.
Thus, it was realized that the use of hygrothermographs, involving a
high iuitial cost and requiring constant surveillance and frequent
recalibrations, would not permit the establishment of the number of
stations desired. Consequently, other possible methods of measuring
atmospheric humidity have been examined.

& THORNTHWAITE, C. W. HANDBOOK FOR CLIMATOLOGISTS. V. INSTRUCTIONS FOR THE MEASUREMENT

OF EVAPORATION FROM NATURAL SURFACES. 22 pp., illus. 1939. [Mimeographed.]
CORWIN, LEONARD B. INSTRUCTIONS FOR THE INSTALLATION OF EVAPORATION STATIONS. In Handbook

for Climatologists, pt. 5, App. A., 21 pp., illus. 1939. [Mimeographed.]
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Tue WET- AND DRY-BULB PSYCEROMETER

Wet- and dry-bulb psyclirometers have been used by Sverdrup
(141), Montgomery (97), Spilhaus (133), and Church ® for measure-
ment of moisture gradients in the atmosphere over the ocean. The
customary procedure is to obtain simultancous readings from Assman
psyclirometers at two or more levels at 15-minute intervals. Since the

€

WR-13-18

Fieure 8.—The original evaporation installation at Arlington, Va. The humidity
of the air was determined at two levels with hygrothermographs. Wind veloe-
ity was determined at three levels with whirling cup anemometers.

constant attention of at least one observer is required at cach observa-
tion station, it is obvious that the method could never be used ou any
widespread scale to secure observations for any long period.
Recording wet- and dry-bulb psychrometers are made, but to secure
measurements of sufficient accuracy with them would be no casier
than with lair liygrometers. The principle of wet- and dry-bulb
psychrometry (55) has also been extended to thermo-clectrical tecli-
niques (18,67, 81, 102, 178) to aid in measuring moisture, but all these

* Unpublished manusecript.



EVAPORATION FROM LAND AND WATER SURFACES 35

techniques have their limitations and are not conveniently suitable
for field work. In addition, the fact that they fail almost completely
in winter makes them of little value for evaporation studies.

TuE DeEw-PoiNT RECORDER

The simplest and one of the earliest methods of measuring the eon-
centration of moisture in the atmosphere is to determine the dew
point. Air is cooled until its moisture reaches the point of saturation ;
the temperature is then observed, and the vapor pressure is obtained
by referring to appropriate hygrometric tables. This method depends
on the fact that the pressure of water vapor does not change as the air
is cooled but remains the same until saturation is reached. The
temperature at which the air becomes saturated is called the dew
point.

All types of apparatus for determining the dew point possess a
surface—usually a polished metal mirror exposed to the air so that
condensed moisture can be detected—whieh can be cooled several
degrees below air temperature and whose temperature can be observed.
The exposed surface is cooled slowly until condensation appears, at
which time its temperature is observed. This temperature is the
dew point.

The most familiar dew-point hygrometer is a modifieation by
Alluard of an apparatus designed nearly a century ago by Regnault.
It consists of a small rectangular metal box whose surfaee is silver
plated and polished. The box contains ether, which is vaporized and
cooled as air is forced through it. The surface of the box is similarly
cooled, and the temperature at which dew is observed to appear and
disappear upon it is determined by means of a sensitive thermometer
suspended in the ether.

The principle of the dew-point hygrometer has been used in the
design of an instrument, illustrated in figure 9, whieh will give a
continuous record of the dew point of the atmosphere.'®

The essential element of the instrument is a polished metal mirror
whose temperature can be controlled at the dew point and recorded.
A thin, polished, chrome-plated, copper disk (10) approximately the
diameter of a dime is affixed to the end of a copper rod (11) inserted
through a stopper (12) of low heat conductivity into a conventional
thermos bottle (14) containing a cooling medium such as water-ice
with salt or solid carbon dioxide with or without alcohol. Heat is
conducted downward along the copper rod, and the mirror is cooled.
Embedded in the end of the rod directly beneath the mirror is a small
eleetrical heating element (16) which counteracts the flow of heat

10 For references on instruments for use in determining the moisture concentration of flue gases and the

dew point of distillates or for use in controlling air-conditioning equipment see Thornthwaite and Owen
(164, footnote 6, p. 315).
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from the mirror when the circuit is closed. Light from an imecandes-
cent bulb (17) is reflected from the surface of the mirror to a photo-
eleetrie eell (18).  The eleetric current generated by the pliotoelectric
cell operates a sensitive relay, which in turn energizes a power relay
(19) which opens a switell (20) against the action of a spring (21),
and the operation of the heating element (16) beneath the inirror is
prevented.

Heat from the mirror is conducted along the rod wtil moisture from
the surrounding atmosphere condenses on its reflecting surface.  This

22 \i_
I
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Freure 9.—Schematie representation of dew-point recorder.

condensation lowers the reflecting efficiency of the imnirror, the light
reaching the photoelectrie cell is redueed, and the current generated
1s no longer suflicient to encrgize the relay (19). Consequently, the
switell (20) 1s closed by the spring (21), and the heating element warms
thie mirror to a point where the condensation formed on its surface is
evaporated. The reflecting efficiency of the mirror is thereby restored,
tlic photoclectrie cell 1s again excited, and the switch is opened by the
power relay.  The heating element then stops functioning, perinitting
heat from the mirror to flow along the rod, and the entire cycle of
operations is repeated.

A mere film of inoisture on the mirror, invisible to the ecye, is
sufficient to reduce the output of the photoclectric cell by 10 micro-
amnperes, which is the range within which a sensitive relay will oper-
ate. Consequently, the temperature of the mirror remains very
close to the dew point, varying only slightly above and below as the
mirror is alternately heated and cooled. The temperature is de-
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termined by means of a thermocouple, the cold junction of which is
a part of the mirror. The warm junction of the thermocouple is
maintained at a standard tempecrature. Any standard electrical
recorder may bc used to obtain a record of the dew point.

For use in the dew-point instrument a photographic rccorder has
certain points of superiority over one which opcrates electrically.
The thermocouple is connccted through a galvanomcter. A light
beam, reflected by the galvonometer mirror, is directed through a
slot onto sensitized photographic paper which revolves on a drum or
eylinder. A switch in the light circuit is attached to the power relay
(19) so that the light flashes momentarily just as the incipient con-
densation appears on the mirror. Thus, the record is a series of
points all at the dew point rather than a continuous, wavy linc ranging
above and bclow the dew point. Since a complete cycle requires
only about 50 seconds the series of points approximate a continuous
line.

In figure 10, the record of depression of the dew point below atmos-
pheric temperature for a period of 14 hours on June 19-20, 1940, is
compared with a record of relative humidity for the same period
produced by a hair hygrograph. The general pattern of both curves
is the same, but the much greater sensitivity and greater degrec of
refinement of the dew-point record is apparent.

Considerable improvement in the dew-point recorder was achicved
by redesigning tlie instrument and substituting radio amplifying tubes
and non-self-gencrating type photoclectric tubes for the mechanical
rclays and the self-generating photoclectrie cells used in the original
design (fig. 11).  As before, the mirror is cooled by dry ice and heated
by an clectrical heating element, but in the new instrument the amount
of heating is made to vary with the amount of moisturc condensed on
the mirror. The thermos bottle is placed in an inverted position so
that the dry icc always touches the stopper, and a long copper rod
extending to the bottom of the bottle is unnecessary.

A polished metal mirror (10) is affixed to a stopper (11) of low heat
conductivity and connected by mecans of a copper wire or rod to a
metal plate (12), all of which is inscrted into the mouth of an inverted
thermmos bottle (9) which contains a cooling medium such as solid
carbon dioxide. Heat is conducted from the mirror to the solid
carbon dioxide, and the mirror is cooled. In close proximity to the
mirror is a small clectrical heating clement (13) which counteracts
the flow of heat from the mirror.

The mirror forms a part of the inner surface of the top of a small
lighttight box (14) with high reflecting inner walls. Light from a
source (15) is passed through tube (16) and is reflected from the
surface of the mirror (10) and passed down tube (17), where it is
absorbed.
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A photoelcetric cell (18) mounted in the box (14) is connected
through suitable amplifying tubes (19) to the clectrical heating
clement (13).

Heat from the mirror is conducted to the solid carbon dioxide
until moisture from the air in the box begins to condense on its
reflecting surface. This incipicnt condensation tends to lower the
reflecting cfficiency of the mirror, and the light no longer passes cn-
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Ficure 10.—Record of dew-point depression in °F, (A4) and relative humidity in
pereent (B) for the period 6 p. m., June 19, to 8 a. m., June 20, 1940, at Arling-
ton, Va. '

tirely out of the box through tube (17) but is in part scattered within
the box and encrgizes the photoelectric cell (18). The increased
electrical output of the photoelectric cell, after being greatly amplified,
goes to thic clectrical heating element and warms the mirror, and the
condcensed moisturce tends to be rcevaporated. The device can be
adjusted so that there is a great variation in heating of the mirror
with very slight variation in its reflecting efficiency. Thus the
temperature of the mirror can be maintained almost precisely at the
dew point.
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Much developmental work remains to be done before the dew-point
recorder can be considered to be a praetical field instrument. How-
ever, since it contains no element that has not been used many times
in other applications, there is no reason to doubt that it will eventually
be perfected.

The dew-point recorder will probably never be an instrument for
untrained observers. For that reason it may never be manu-
factured in large numbers, and the price will be relatively high.
Although thie dew-point reeorder should oecupy an important place

Recorder

Ficure 11.—Dew-point rccorder using radio tubes in place of mechanical relays,

in evaporation studies, it is not likely that an evaporation survey of
the whole country, such as is contemplated in the extension of the
worlk at present under way, could be undertaken with this instrument.

TuE PAN HYGROMETER

A new method, differing from those in regular use, but combining
features of the chemical absorption and the psychrometric methods
and giving an integrated value of vapor pressure over any given time
interval, was developed in the hope that it might be of value in the
evaporation study. Although thie method proved to be impraetical
for field use it is theoretically sound and may find some use in
hygrometry.
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The fundamental equation for evaporation from a free water surface
is:

_m(e,—es)
V———-h— s (65)

in which

V 1s the rate of evaporation,

m is the coefficient for vapor transport within the laminar or
boundary layer,

h is the thickness of the layer, which in turn depends upon the
physical characteristics of the pan, of exposure, and of wind
movement, and

e» and e, are vapor pressures of the water surface and the air at
the top of the boundary layer, respectively.

Transforming the equation, we find:

Ca= =" (66)

If two pans having the same physical characteristics and containing

solutions of different vapor pressures at their surfaces were exposed

together so that the quantities m and h are the same in both cases, we
would have two equations for e,:

7
€a=€w1~ln;h’ 67)
. (68)

By a simple algebraic manipulation we get an equation for ¢, in terins
of the evaporation from the two pans and the vapor pressure of the
two water surfaces, in which m and h do not appear:

_ Viewn— Vze_@.

e, V.=V, (69)

From this equation we can obtain the average atmospheric vapor
pressure for any period by measuring the change in mass of the two
liquids and the temperatures of the water surfaces during the period.

It should be pointed out that equation (66) is of the same form as
the general psychrometric equation:

ea:ew'—AB(ta_ tw)y (70)

in which B is barometric pressure and A4 a factor which varies slightly
with vapor pressure of the air and temperature of the wet bulb and
which is empirically determined.  Since e, is obtained as the saturation
vapor pressure at the temperature of the wet bulb the errors in the
determination of atmospheric vapor pressure by means of a psychrom-
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eter are due not only to possible errors of the empirical constants, but
more largely to errors in the determination of wet-bulb temperaturo
itself,

Since equation (69) contains no empirical constants and includes
only factors which can be measured easily and accurately, it is believed
that it supplies a method which is more reliable than the psychrometric
method for the determination of atmospheric humidity. The instru-
ment lacks the flexibility and simplicity of design of the wet- and dry-
bulb psychrometer, however, and for that reason it can never be
expected to replace the latter.

One way to obtain different vapor pressures over water surfaces in
the two pans would be to maintain the water temperatures at constant
but different predetermined values. Equipment for water tcmpera-
ture control is standard and readily obtainable but expensive. How-
ever, with water temperature controlled, the terms for vapor pressure
of the water surface become constants, and the determination of
e, 1s further simplified.

A more practical way to obtain different vapor pressures at the
surfaces of the two liquids is through the use of saturated aquecous
solutions. Those listed in table 1 have proved to be satisfactory.
Actually, pure water may be used in one pan. Most desirable for
the other is a solution such as magnesium chloride, in which the vapor
pressure is considerably depressed.

Successful application of this method requires identity of exposure
of the two pans, and this is not casy to achieve. However, after anum-
ber of failures, a cylindrical shiclter made up of a scries of horizontal
cells and covered with rabbit wire proved to give satisfactory results
(fig. 12). In the final model the pans were mounted on scales so
that a continuous record of their weight was obtained. Bimetallic
strips supplied a continuous record of the temperatures of the liquids
(fig. 13).

In an attempt to get a practicable field instrument, pans only 9
inches in diameter and 2 inches high were used. The result was
that in high wind a part of the liquid spilled out of the pans, a very
serious difficulty. This difficulty could be overcome by using deeper
pans or by redesigning the shelter so as to cut down the air flow.
However, to the present, no further work has been done on the pan
hygrometer.

TrE CHEMICAL-ABSORPTION HYGROMETER (159)

For determining the concentration of moisture in the atmosphere
no method could be more dircct than that of removing all the water
vapor from a measured volume of air and weighing it. The customary
laboratory procedure of measuring a volume of air by allowing it to
displace a given volume of water or some other liquid as it flows from
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a closed container is not adapted to field use. On the othier hand,
pumps that will deliver air at the rate of only 5 to 10 litres per hour
with the necessary accuracy were not available.

Ficure 12.—Various types of shelters designed in the attempt to secure identity
of exposurce of two pans.
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Ficure 13.—Pan hygrometer unit to record weight and temperature of the
liquids in the two pans.

However, a dual mercury pumip having the needed capacity was
designed and built. The essential element of the pump is a horseshoe-
shaped glass tube, open at both ends and partly filled with mercury.
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A rocking motion of the tube causes the mercury to move back and
forth from onc end to the other, alternately forcing the air out and
drawing it in. Since the total volume of the tube is constant, the
amount of air entering one end exactly equals that being forced out
the other. KEquipped with suitable valves, both ends of the tube
become individual pumps identical in capacity.

The pump was at first driven by a small 110-volt A.-C. motor.
Later it was found that a D.-C. motor designed for the Coast Guard
to operate for an entire year from a single 6-volt dry battery has
ample power to drive the mercury pump.

A chemical-absorption apparatus using this pump was installed in
tlie field at Arlington on November 1, 1940, and was operated suc-
cessfully until the middle of December, during which time reasonable
daily values of evaporation and condensation were obtained. It was
mounted at the base of a standard wind tower, and air was drawn
from the 4-foot and 16-foot levels thirough -ineli copper tubing, the
samples being taken exactly in the horizontal planes where wind
veloeities are determined (fig. 14). In order to exclude dust, rain,
and isects, the ends of the tubes were bent downward and were
fitted with copper wool filters. The indicators for wind mileage at the
two levels were mounted above (fig. 15). Although evaporation
measurements were not made after the middle of December, the pump
coutinued to run without interruption until April 1, when it was
dismantled.

An improved device, using two glass hypodermic syringes as pump
cylinders and pistons and lhaving diaphragm valves, driven as before
by the constant-speed, battery-operated motor, was received in
February 1941. For summer and winter operation, this pump unit
will drawaccurately 4.5 or 9.0 1. of air per hour through the absorptive
apparatus from cach of the two levels. Although the instrument has
not yet been adequately tested, it promises to provide an accurate
means of measuring atmospheric moisture and will permit the es-
tablishment of simple and inexpensive evaporation stations (fig. 16).

The chemical-absorption liygrometer requires a suitable drying
agent. Such an agent should remove all the water vapor from the
air and should have a large water-holding capacity. It should be
granular to allow an unimpeded flow of air through it. It should
be capable of rcaetivation, so that it can be used repeatedly, and
should be safe to handle in the field as well as in the laboratory.
The last two requirements eliminated the otherwise efficient phos-
phorus pentoxide (P;0;) and sulfuric acid (H;SO,).

Table 4 gives the results of tests of a number of drying agents made
by Bower (13) at the Bureau of Standards and shows the amount
of residual water vapor that each agent was unable to remove.
Although alumina (ALOy) is not the most efficient drying agent it is
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well within the limits of accuracy required, and it was scleeted because
it is eonvenient to use, is relatively inexpensive, and can be easily
reactivated.

-
i

Ficurg 14.—Chemical-absorption apparatus in the field at Arlington, Va.,
November 1940.

TaBLE 4.— Milligrams of residual water per liter of air dried 1

|
Volume of air | Total volume of

- per hour per air per ml of Residual water per liter of
Material ml desiceant desiccant air (mg)
(ml) m
CuSos (anh.) ... .. 36 to 50 0.45t0 0.7 | 2.8 (2.7 to 2.9)
CaCl; (gran.) . - 66 to 165 6.1 to24.2( 1.5 (1.4 to 1.6)
CaClz (fech. anh.) . 115 to 150 4.0 to 58| 1.25 (1.22  to 1.27)
ZnCl; (sticks)__ - 120 to 335 .8 to 2.1 98 (.94 to1.02)
Ba (ClO4)2 (anh.) 26 to 36 2.3 to 3.7 .82 (.76 to .88)
NaOH (sticks)________ 75 to 170 2.3 to 8.9 .80 (.78 to .83)
CaCla(anh.)___. ... .. ______ 75 to 240 1.2 to 7.8 .36 (.33 to .38)
Mg (C104)2.3H20 R - 65 to 160 4.0 to 7.2 L0831 ( .028 to .033)
Silica gel 65 to 135 6.5 to 7.7 .03 (.02 to .04)
56 to 65 3.2 to 7.2 014 (L0100 to .017)
65 to 135 6.5 to 7.7 006 (. to . 009)
75 to 150 1.2 to 18.5 005 (.04 to . 006)
60 to 90 7.6 to 10.1 003 (L0083 to .004)
95 to 130 6.4 to 13.2 L0002 (.002 to .003)
64 to 66 10.6 to 25 00065 (. 0006 to . 0N08)

1 Adapted from Bower (I3, table 1, p. 216).
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Alumina will hold nearly 20 percent of its weight of water and
picks up all but 5X107° mg. of water vapor per liter of air, which
amounts to only about 0.1 percent at 32° F. At higher tempera-
tures and higher moisture concentrations the percentage of moisture
not removed from the air is much less.

Alumina depends for its efficiency not only on absorption but on
adsorption as well. Absorption is a chemical process and results
in the chemical combination of water molecules with the Al, O; mole-
cules, Adsorption is merely a physical process in which molecules
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F1curEg 15.— Detailed view of chemical-absorption hygrometer containing mercury
pump.

of water adhere to the surface of the drying agent. To increase the
adsorptive efficiency of the alumina it is speeially prepared as a col-
loidal gel, by whieh means its surface area is enormously inereased.

Alumina will adsorb earbon dioxide from the air in small amounts.
However, it quiekly reaches equilibrium with the concentration of
earbon dioxide in the air, so it ean be saturated with carbon dioxide
without redueing its eapaeity for water by passing a few liters of
dry air through the tubes before they are used.

Standard U-shaped glass drying tubes were used to hold the drying
agent. The tubes each have two glass sidearms to facilitate making
eonneetions to the pumps and the sampling tubes. They also have
ground glass stoppers for sealing when samples are not being taken.
Even when the tubes were elosed the alumina picked up about 1 mg. of
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water per day. All leakage was prevented by coating the stoppers
with a thin film of pet-cock grease.

To achicve the desired accuracy great care must be exercised in
weighing the drying tubes. An analytic balance sensitive to 5X 1073
gm. in 100 gm. is neceded, and standard laboratory procedures should
be employed.

Since the drying tubes contain some air, the fact that the weight
of air changes with change in temperature and pressure must be
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Ficure 16.—Detailed view of chemical absorption hygrometer containing
piston pump.

taken into consideration. A elosed empty tube of 35 ce. capacity
will increase by 9>(107° gm. in weight with a rise in temperature
of 1° F. at 32°, or nearly 2 mg. with a temperature rise of 30°. The
buoyancy can be minimized by keeping the balance room at a nearly
constant teinperature and opening the tubes momentarily to allow
them to come to pressure equilibrium with the air in the room before
weighing.  The use of a tare, consisting of a tube filled with alumina
in the regular manner but not exposed to the air, is recommended.

As long as both pumnps draw exactly the same amount of air from
both levels in a given time interval most of these possible errors are
neutralized when absolute humidity gradients are determined. The
mean value of the absolute humidity gradient for a given length of
time is obtained by dividing the difference in mass of water vapor
collected from the two levels by the volume of air drawn through
cach tube.
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THE MEASUREMENT OF WIND VELOCITY

Wind velocity is less difficult to measure than atmosphcric mois-
ture. A number of different whirling-cup anemometers are available
that cither register total miles of wind passed in a given time interval
or give continuous records of wind velocity. These instruments
mesasure only the average values of the horizontal component of the
wind. To measure the instantaneous velocities in the major direc-
tion, as well as those to the right and left and up and down, is much
more difficult and requires specialized equipment. Pressure-plate
anemometers, hot-wire anemometers, or pressure-tube anemographs
are generally used for this purpose, and the scale and frequency of the
fluctuations measured depends upon the inertia of the instrument used.

The wind measurements required in the evaporation equation
can be obtained with standard instruments. Wind velocity is meas-
ured at two levels with a pair of contacting cup-type anemometers.
Wind direction is measured at the upper level only.

The type of wind record required depends on the kind of humidity
instruments being used. If continuous records of atmospheric mois-
ture are being obtained, as from dew-point recorders or hygrothermo-
graplis, continuous records of wind velocity will be required in order
to determine the rate of cvaporation for short time intervals. If,
however, only integrated values of atmospheric moisture are being
obtained, as from chemical absorption hygrometers, continuous
records of wind velocity are unneccssary, but only an indication of
the total miles of wind passed during the time interval for which the
moisture measurements apply.

The fact that the required wind value in the evaporation equation
is the difference in velocity at the two levels makes it unnecessary to
apply a correetion factor to the readings of either instrument. Wind
velocity enters the formula also in the determination of z/z, and
Liere actual veloeities are required. However, failure to apply the
small correetion faetors to get true wind speeds at the two levels
will result in errors so small they can be neglected.

A YEAR OF EVAPORATION AT ARLINGTON, VA.!

An experimental evaporation station was established at thc United
States Department of Agriculture Experimental Farm in Arlington,
Va., in the autumn of 1938. During 1939, effort was concentrated
on the objective of securing a eomplete record of evaporation and
condensation for a year. Instrument failure and other difficulties
prevented the full accomplishment of this objective, but the gaps in
the records do not diminish their value greatly. Hygrothermographs
were used for the determination of liumidity.

11 Part of the material in this section has appeared previously (160, 162, 163).
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During 1940 attention was focused on the problem of securing
improved instruments, and a number for measuring and recording
moisture and wind were designed and tested. The more important of
these have already been described. Figure 17 shows the various
instrumental installations that were being tested in November 1940,
The tower at the extreme left is a complete station, from which obser-
vations of both wind veloeity and humidity at two levels are obtained.
The chemical-absorption hygrometer is used for the moisture deter-
minations. The next tower to the right is the pan-hygrometer instal-
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I'1cure 17.—The evaporation station at Arlington, Va., November 1940,

lation for mwoisture determinations only. From the next tower
measurements of wind velocity at four levels and of wind direction are
obtained. At the extreme right behind a standard Weather Bureau
shelter is the dew-point recorder. Here the dew-point transmitters
are at the appropriate levels, whereas in the improved instrument,
not shown in this view, air is drawn from the proper levels to the
instrument, which is on the ground. The instruments were located
in a hay field on thie relatively flat top of a gentle ridge.

The first usable records of moisture concentration were obtained on
October 15, 1938.  Wind-velocity measurements began November 23,
1938, and the first computations of evaporation were made for Decem-
ber 10, 1938. The station continued in operation throughout the
calendar year 1939, but because of instrumental difficulties and the
necessity for experimenting with various types of equipment there
are a number of unavoidable gaps in the records. Most of the usable
hourly values of temperature, specific bumidity, and wind velocity
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for the various levels obtained during the year are presented in the
appendix tables 10 to 12, pp. 76-118.

To give an indieation of the diurnal ehanges in moisture and the
ehanges In gradient for various air masses, the observations for a
number of days are discussed in some detail. Figure 18 shows
the mareh of moisture coneentration at the two levels for 2 days in
early autumn, during whieh time a modified Polar Continental air
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T16UrE 18.— Moisture concentration at two levels and moisture gradient, October
15 and 16, 1938, at Arlington, Va.

mass remained over the area. The sky was clear, and moderate
temperatures prevailed. The air mass was relatively stagnant, and
winds were light and variable. Significant radiational cooling occurred
throughout the night, and a moderate ground fog eondition limiting
visibilities to 1 to 2 miles was observed at the airport, less than a
mile from the evaporation station.

During the first night the moisture concentration of the air dropped

426600—42— 4
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to a minimum of 5.4 and 5.8 gm. in the lower and upper levels because
moisture was abstracted by condensation at the ground. As soon as
the ground began to warm up after sunrise and evaporation com-
menced, moisture concentration rose rapidly, beginning at the lower
level and producing a reversal in the gradient. Shortly before noon,
thermsal convection had developed to a point where the moisture was
carricd to the upper air faster than it was received from the ground,
and the concentration at both levels diminished about 0.8 gm. 1In
late afternoon, with a diminution of convection, the evaporation again
exceeded the rate of transport aloft and the moisture concentration
rose to the high point of the day. Bcetween 6 and 7 p. m. the cooling
of the ground surface began, and soon the concentration at both levels
was the same. With continued cooling, condensation began, and as
moisture was abstracted from the lower level the gradient was reversed,
and the concentration at both levels diminished throughout the night.
In the morning there was a heavy dew deposit.

The same scquence of conditions was repeated the next day; first,
an upward shift of gradient followed by a rapid increase of moisture
concentration as evaporation proceeded; then, a diminution of con-
centration with a continued upward-directed gradient as thermal
convection carried the moisture to the drier levels aloft; then, as
convection subsided, a rapid increase in concentration; and finally,
with the onset of ground radiation at the end of the day, condensation,
a gradient directed downward, and a rapid diminution of moisture.

A few days later, with the passage of a well-marked front, the
transitional Polar Continental air mass was displaced by a fresh
polar air mass. The moisture concentration dropped within the course
of a few hours from about 10.5 to about 4.0 gm. The moisture gradi-
ent pattern for the 2 days following is shown in figure 19. Except for
scattered cirrus and a few scattered cumulus clouds during the after-
noon the sky was clear throughout the 2-day period. For nearly the
entire first day the wind direction was predominantly from the west
and west-northwest, and velocities ranged from 5 to 15 miles per
bour. The moisture gradient, although small, was directed upward
for approximately 28 hours after the invasion of the polar air mass.
The moisture concentration remained almost stationary at about 4
gm. until approximately 3 p. m., when a moderate amount of convee-
tion forced a small decline. Tt is of interest to note that scattered
cumulus clouds were observed between 3 and 5 p. m., which coincided
with the observed decline in moisture concentration. During the
evening, evaporation continued and the concentration rose more than
a gram. Not until after 10 p. m. did the gradient turn downward
and condensation commence.

Throughout the remainder of the unight surface wind velocities
were generally less than 2 to 3 miles per hour, and with moisture
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abstraction going on at the ground, the moisture concentration slowly
declined. The gradient pattern of the second day resembled those
of the two carlier days shown in figure 18, although the rate of cvapora-
tion was considerably reduced. The important difference in pattern
1s that the moisture gradient was directed upward until 11 p. m., the
moisture concentration continuing to rise until that time,

Figures 20 and 21 show the moisture gradicnt pattern and the
hourly rates of evaporation for December 11 to 14, during which time
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Fi1cure 19.— Moisture concentration at two levels and moisture gradient, October
21 and 22, 1938, at Arlington, Va.

a Polar Continental air mass displaced a southerly current of well-
mmodified polar air. On December 11, the synoptic weather chart indi-
cated the presence of a well-modified returning flow of polar air over
the castern part of the United States. The sky conditions as observed
at the Washington airport, which adjoins the Arlington Farm, varied
greatly from hour to hour. The thin, broken to overcast, altostratus
clouds which predominated during the early morning and forenoon,
thickened during the afternoon and evening to a nearly continuous
overcast with a base at 6,000 to 7,000 feet. During this time the
specific-humidity gradient was directed upward. Between 5 and 7
p. m., the clouds became scattered and broken, and radiational cooling
of the ground hastened the usual reversal of the specific-humidfty
gradient. As the overcast thickened again, the gradient shifted up-
wards temporarily for an hour. Thereafter the gradient was directed.
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downward exeept for a period between midnight and 3 a. m. of
Deeember 12.  The upward gradient at this time was probably due to
a slight inerease in surface temperature eaused by the downward
transport of heat by turbulenee indueed by the nercased wind
veloeities whieh prevailed during this period.

During the carly morning of December 12, the elouds were, in
general, high and seattered, and calm or extremely light winds pre-
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I'1cure 20.— Moisture eoncentration at two levels, moisture gradient, and hourly
evaporation, December 11 and 12, 1938, at Arlington, Va.

vailed.  The moisture gradient continued downward, and a light dew
formation resulted. At 9 a. m., the sky became overcast with upper
altostratus and lower stratocumulus decks, heralding the approach of
a cold front. Oeeasional sprinkles were noted during the hour ending
at 9 a. m., and light rain was obscrved between 10:10 and 11:25 a. m.
The amount of rainfall, however, was less than 0.01 ineh,  The front,
which marked the boundary of Polar Continental air, passed the
station at approximately 11 a. m. and was associated with a wind
shift to the northwest and a dissipation of the stratocumulus deck.
During the ensuing 30 hours, the wind remained in the northwest,
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with veloeities generally between 8 and 15 miles per hour. The
speecific-humidity gradient was directed upward for the two hours
preceding the frontal passage and continued to be directed upward
until the morning of the 14th. The gradient shifted downward at this
time, and a heavy frost ensued.

It is to be noted that on the 13th there was no drop in specific
humidity resulting from large-scale thermal or convective turbulence
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F1cure 21.— Moisture concentration at two levels, moisture gradient, and hourly
evaporation, December 13 and 14, 1938, at Arlington, Va.

sucli as was illastrated in figure 18. This is explained by the fact
that eonvective turbulence was limited to the thick layer of polar air,
within which mixing by mechanieal turbulenee had already established
complete uniformity of moisture concentration. Thus there was no
possibility of replacement of the air at the level of the observations
by drier air from aloft.

On December 14, however, the wind veloeities in the polar air were
hght and variable and the thickness of the mechanieally turbulent
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layer was much less than that on the 13th. From 11 a. m. to 3 p. m.
the characteristie eonveetive turbulence was manifested by a steady
drop in the specifiec humidities in spite of the fact that evaporation was
continuously adding moisture to the atmosphere. A secondary de-
erease in the specific humidities beginning at 8 p. m. was also due to
mixing with drier air aloft, The wind velocities increased at this time,
shifting from south at 3 miles per hour to west-northwest at 15 miles
per hour, causing a rise in surface temperature from 38° to 42°.

7] b = S e s gy g~ e Ry
————
=1 ; .. e .. - — ——
L - 1w
. -:/"/ ] e
b 5: ﬁ | 1 R ]
1] = et

1S4 linghay

EvEPORAT

5 =2 1B F & % =@ i1 iz &} & 1% @ T i W rD s FE OEY BoFS 36 ET DR OTY D ON
DAy OF MOWNTHM

[ L]

Tigure 22.- Daily totals of cvaporation and condensation for the nmonth of
January 1939, at Arlington, Va.

The water loss from the land surface at Arlington Farm, combining
evaporation from the soil, evaporation of dew and frost, and transpira-
tion, for the 4 days December 11, 12, 13, and 14 was 0.0026, 0.0137,
0.0132, and 0.0239 inch, respeetively.

Figure 22 shows the daily evaporation and condensation for the
month of January. In table 5 the type of information obtained and
the hourly evaporation values for January 27, 1939, are presented
merelty for illustrative purposes.

During the first 4 days in January, the ground surface was dry and
the moisture was apparently removed chiefly by transpiration (169).
Variable high scattered clouds and light variable winds prevailed dur-
ing this period, and appreciable amounts of dew condensed during the
carly morning hours. On January 5, a low stratus overcast prevailed
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throughout the greater part of the day. Intermittent sprinkles and
oceasional light rain totaling 0.07 inch occurred during the 24-hour
period. In spite of the cloudy conditions and the precipitation a
measurable moisture gradient dirvected upward was detected, and
0.0103 inch of evaporation occurred. The following day, January 6,
the sky was relatively clear, moderate wind veloeities were observed,
and the evaporation was greatly increased, amounting to 0.0544 inch.
On the 7th, 8th, and 8th, variable high clouds to clear skies prevailed,
but the daily evaporation totals were, as was to be expeeted, less than
that of the 6th, when the ground surface was moistened by the previ-
ous day’s rainfall. On the 8th, the evaporation was slightly greater
than on the 7th or 9th and may be explained by the moderate wind
velocities, oceasionally reaching 22 miles per hour.  Light rain amount-
ing to 0.07 inch fell between 7 a. m. and 9:30 a. m. on January 10. In
spite of the moisture on the ground and a moderate south-southwest
wind which varied between 8 and 12 miles per hour, the evaporation
amounted to only 0.0276 inch. The suppression of evaporation on
tliis day may be explained by the diminution of the moisture gradient
by the invasion of more moist air from the south, which caused an
inerease in speeific humidity from 3.5 to approximately 7 gm.  On the
following day, there was only slightly more evaporation. However,
by the morning of the 12th, fresh polar air had invaded the area, and
the speeific humidity dropped to 2.2 gm. The wind blew prevailingly
fromn the northwest, with a veloeity ranging between 5 and 15 miles per
hour, and in spite of a high overcast the evaporation attained a value of
0.0535 inch. The inecreased evaporation into polar air masses, which
has been found consistently in our observations, was anticipated on the
basis of the eycle of air masses (51, 157).

The high altostratus overcast that was present throughout the 12th
steadily lowered and thickened, heralding the approach of a warm-
front storm. On the 13th, a mixed precipitation of freezing rain, sleet,
and snow fell throughout the greater part of the day. On the 16th, a
light snow fell between 6 a. m. and 11 a. m. On the 18th, snow began
falling shortly after midnight and continued throughout the day until
10 p. m. A light snow, associated with an upper cold front, occurred
on the 20th between 5 p. m. and 9 p. m.  Thus fromn the 13th through
the 20th the site of the cvaporation station was covered with snow
ranging in depth from 1 to 6 inches.

During this period the blanket of snow was fundamentally responsi-
ble for the suppression of evaporation. A snow cover may suppress
evaporation in a number of different ways, although the moisture
losses by evaporation from a snow field may be large when suitable
atmospheric conditions prevail. Beeause of the difference in the
physical characteristies of & snow cover and a grass cover there must
obviously be a difference in the roughness factor characterizing the
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type of surface and a consequent difference in the intensity of turbulent
mixing.

Table 6 gives the average hourly values of z, for the period in Janu-
ary during which the field was snow covered and for the remainder of
the month. The average for the days with snow was 0.11 cm. and
for those without snow, 0.28 cm. With the cover of snow the ratio
zs/21 dropped from 25.23 to 25.09, and the evaporation should have
been increased 0.6 percent as a result of this change. This extremely
small increase is more than offsct by other influences.

TABLE 6.—Diurnal variation of z, for the days with and without snow cover in
January 1939

Average 2, for hour ending at—

Condition of ground| Days | |
1 2 3 4 5 | 8 7 8 9 { 10 11 12
8. m. |8 m a.m.la m.ta.m. a. m. |a. m. a.m.ia.m. 4. In. (8. m.| m.
Nums-| ] | f ’
ber | Cm. | Cm. | Cm. | Cm. | Cm. | Cm. | Cm. | Cm. | Cm. | Cm. | Cm. | Cm.
Snow covered . _____ 9/0. 1828,0. 3658/0. 3353 0. 4877;0. 27430, 2377|0. 2134.0, 1768/0. 1311 0, 08230, 0244/0. 0518

Free from snow.____ 22| .2682) .1128] . 1554] . 1737‘ . 2438/ . 3962 .1829| . 21341 . 1128|\ .0701( . 0244| . 0171
| |

{
1‘2!q 15'6 70 8 |9 |10 | 11| 12
p.m. [p.m. |p.m. p.m.lp,m.‘p.m. p.-m. | p.m. | p.m|p m, |p. m pm.

cm. ’ Cm. |

om. | om. | Cm. | Cm. | Cm. | Cm. | Cm. | Cm. | Cm. | Cm.

Snow covered ______ 910. 0004 0. 0010,0. 0003'0. 0005(0. 00360. 0244 (0. 0046/0. 0143 0. 0207|0. 010710. 0213,0. 0396

Free from snow._.. 22 . 0274] . 0259 .0518i L0914 . 2621 .3810[ JOIOP' 0363| . 7620| . 4572 .25911 L7925
| | | {

Average: Snow covered, 0.1127; {ree from snow, 0, 2841.

An important factor governing the rate of evaporation from the
snow is the temperature of the snow surface (7). It is well known
that a snow surface radiates energy as does a black body (174), and
on a clear calm night excessive inversions of temperature may be es-
tablished in the air next to the snow. During the daylight hours
much of the incident radiation is reflected and the snow surface tem-
peratures may remain well below the dew-point temperatures of the
air. In any event, the temperature of the snow surface must remain
at the freezing temperature until all the snow is melted. A grass-
covered field also radiates energy as does a black body, but during the
daylight hours most of the incident encrgy is absorbed and the surface
temnperatures may be greatly inereased, so that transpiration of the
plants increases. Transpiration may be regarded as the most effec-
tive mechanism whereby moisture is returned to the atmosphere from
land arcas (169). A snow cover obviously precludes the operation
of the process of transpiration. Thus, it will be evident that unless
the air dew-point temperatures are lower than the snow-surface tem-
peratures (vapor pressure gradient directed upwards) there can be no
evaporation. If, as may frequently be the case, the air dew-point
temperature exceeds that of the snow cover (vapor pressure gradient
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directed downwards), a frost condensation must be occurring on the
snow surface. This explains what took place between the 16th and
20th, when an appreciable amount of frost was condensed on the
snow surface.

On the 22d and 23d, only patches of snow reimnained on the field,
and by the morning of the 24th it had entircly disappeared. The
inerease of evaporation during the period between the 22d and 27th
over that of the period between the 14th and 21st is to be attributed
direetly to the disappearance of the snow cover. However, even with
the disappearance of the snow it is to be noticed that the average
daily evaporation rates for the period from the 21st to the 27th were
lower than those for the period preceding the first snowfall. This is
aecounted for by the greatly decreased temperature of the ground
during the last half of the month.

Cold and dry Polar Continental air occupied the area on the 27th
but was displaced by a southwesterly current of transitional tropical
air on the 28th. The dew-point temperatures of the polar air aver-
aged approximately 12° F. but increased to about 20° in the modified
air. The ground temperatures were still low, and with the invasion
of the modified air with increased specifie humidities the inoisture
gradient was directed downward for a good part of the day, and
appreciable condensation of frost occurred. The 29th was overcast,
and light rain began at 11 a. m. and continued until after midnight.
The cloud base, which remained below 1,000 feet, lowered to the
ground in the evening, resulting in foggy conditions. On the 30th,
a low stratus overcast with ceilings varying between 200 and 600 feet
and light rain or mist and fog persisted during the entire day. The
rain ccased in the early morning of the 31st, when a polar air 1nass
again invaded the castern part of the United States. Practieally no
evaporation occurred on the 29th or the 30th.  On both of these days,
however, significant amounts of condensation oceurred. The small
evaporation of the 31st was associated with the invasion of the polar
air mass. The total amount of evaporation at the Arlington Farm
for the month of January 1939 amounted to 0.4905 inch. The total
amount of condensation as computed was 0.0753 inch.

Daily values of cvaporation, condensation, and precipitation for
the entire year, execept for the months of February and September,
are given in table 7. Records for these two months are missing be-
cause of the interruption of the observations by instrumental failure
and the installation of new equipment. The records of a few days
during the 10 months are also missing or incomplete.2

12 Interruptions in the record oceurred when birds attempted to nest in the hygrothermographs, using

the hair elements for building material, and when on several occasions spiders in large numbers caused
trouble not only in the hygrothermographs but in the anemometers and wind recorders as well.
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TaBLE 7.— Exchange of moisture between the ground and the atmosphere,
Arlington, Va., 19391

Net Net
Con- | Evap- Con- Eva-
Date I}:liln densa- | ora- egrﬂar_)' Date }}ﬁln densa- | ora- egrs:‘;_)-
tion tlon | flon tion tion tion
January: Inches Inches | Inches | Inches April—Continued.! Inches| Inches | Inches | Inches
1 .0011 | 0.0080 | 0.0069 6 A A 0.0033 [—0. 0238
. 0152 | L0122 | 7. 0066 . 0359 . 0293
. 0085 .0018 8 . . 0283 L0277
L0112 | L0058 9. L0277 L0277
. 0103 .0102 10 . 0118 . 0003
. 0544 . 0544 11 . 0525 . 0462
L0319 L0313 12, . 0698 . 0698
.0374 0372 13.. . 0569 . 0558
. 0232 .0232 14 . . 0818 . 0818
.0276 .0276 15 .0375 0197
.0312 .0301 16.. . 0299 . 0289
. 0535 .0535 17__ L1294 1294
. 0281 .0281 18, .0334 | —.0106
L0113 L0113 19.. .0710 0588
L0033 . 0033 20 . 0233 0175
L0037 { —.0010 21 . 0577 . 0450
L0013 | —. 0005 22 . . 0489 0447
L0006 | —. (066 23_. .0331 | 0033
L0014 | —. 0050 24 _ .0212| —.0190
L0064 0063 25 . . 0439 . 0439
L0077 0074 26__ . 0266 0196
L0177 0177 27 __ . 0385 0349
. 0088 0088 28 . (180 0079
. 0149 0143 29 . . 0036 0181
. 0299 0299 30 L0225 0136
. 0085 0085 A
.0120 L0113 Total __._.......| 2.93 | L3070 | 1.0723 . 7653
. 0029 . 000 S
L0004 | —.0077 | May:
........................ 1 0143 | —.0027
L0034 | —.0027 2. 0388 . 0368
3 . 1097 . 1084
4747 4182 4 . 0988 . 0988
5_. . 0631 . 0631
.0753 | . 4905 4152 (i . 0649 0649
= == 7. . 0969 0969
8.. . 0089 | . 0934
L0725 L0725 ¢ JUUOUIH LS ARV (PUPI (RN
. 0469 . (69 10__ L1154 . 1154
. 0358 . 0358 11 . 0469 . 0469
. 0068 . 0062 12 . 0380 . 0365
. 0274 .0274 13
.0263 | .0236 | 14
. 0201 .0193 15_.
. 0165 . 0165 16__
.0317 .0317 17__
. 0225 |- 0225 | 18
. 0407 . 0406 | 19
. 0055 . 0049 20 _
L0172 | . 0165 21
. 0065 . 0063 22..
. 0054 L0015 23 _
. 0195 L0191 | 24
. 0181 . 0181 25
L0177 L0177 26_.
. 0196 . 0196 27._
. 0299 . 0299 28__
. 0199 . 0199 29
L0221 . 0221 30
. 0153 . 0149 31._..
0453 | o432 |
. 0904 . 0904 Total
. 0245 . 0209
. 0467 . 0467 Adjusted total 2.
.0709 0709
. 0570 L0570 | June:
L0076 | —.0059 1 . .
. 0386 . 0386 % . .
9249 . 8953 | g . .
H . .
6 . .
.0213 .0123 7 .| 0 L1129 L1129
. 0179 . 0168 8 1.17 | .0304 L0418 L0114
. 0169 . 0051 9 .01 | .0109 . 0780 . 0671
L0079 . 0002 10 -0 . 0731 . 0731
.0020 | —. 0032 11 .0032 . 1169 1137

See footnotes at end of table,
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TABLE 7.—Ezchange of moisture between the ground and the almosphere,
Arlington, Va., 1939 '—Continued.

Net | Net
: Con- | Evap- > i Con- | Eva .
Date l}ﬂllln densa- | ora? e;r‘;‘_)' Date I}:ﬁn | densa- ora- e;"rf‘g?
a tion * tion = Pr | tion | tion | g
[
Inches  Inches August—Con. Inches| Inches | Inches | Inches
0.0664 | 0.0657 1 - 0.00: 0.0240 | 0.0215
.0292 .0123 Ny 06
L1521 . 1388
L1185 . 1185
. 1063 L1025
. 0606 . 0586
L0541 L0541
- 1264 L1234
. 0934 L0649

L0566 |

217 |

-0078 | 0012
L0740 | . 0697
-0587 | 0554 |
L2157 | 21102 | 1.8945 |
L2587 | 2.5322 2.2735
L0054 | 0.0508 0,045
0031 | L0171 | L0137
T0224 | 10066 | —. 0158 ||
L0359 | .0085 | —. 0274
| [ P
0021 | o866 | . |
L0025 | L0877 | L0852
0354 | L1510 | .1156 |
J0482 | 0306 —.0176
L0202 | L0453 0251
0215 | . 0557 0342
L1210 1210
0003 | 0583 0580
L0081 | .1473 1292
0 S 1644 1644
J0973 | L0973
L0644 | 0644
0063 | . 0376 0313
0163 | . 0566 0403
L0028 | . 0166 0138 |
10004 0661 .0657
L0357 L0357
0150 L0752 L0602
L0701 . 0701
10971 L0971
L0005 | L0198 .0103
J0015 | L0192 L0177
L8 [ C0136 | —~. 0012
L0026 | L0180 | . 0463
L0005 | .0602 | .0597
Total . __._______ 2.16 | .2661 | 1.8093 | 1.5432
Adjusted total 2 __| __ L2845 | 1.9341 | 1.6496
0 L0668 0668
.0027 | . 0408 0381
L0096 | L0444 0348
10010 | . 0512 0502
0837 | 0437 |
L0007 | 0358 . 0351
-00IL L0138 0147 |
L0075 L0129 0054
10220 L0047 —.0182
L0003 0718 . 0715
J0469 0469
0017 L0115 . 0098
0026 .0920  .0894 |
.0009 | 0450 0441

See footnotes at end of table.

| November:
| 1

Adjusted total ?
October:

. 0030
. 0038
0102
0045 |

. 0325
. 0055
0010
. 0010

L0150 |
0309
0014
. 0061
L0121
. 0064
. 00R8
0057

Total . . _____
Adjusted total ?

. 0036

0049

L0218 |
0

Tous

0207 |

0030 |

.00(31'|'
0

S0z | o232
0246 | .0208
L0433 | .0331
L0190 L0145
L0133 L0102
-0083 0000
L0308 | .0353
L0802 .0770
L0189 | . 0085
.0337| L0320
20071 | —. 0254
L0107 0052
L0165 L0155
L0101 L0181
0318 | L0318
L0216 | . 0163
.0038 [ —. 0112
0039 | —.0270

0034 |
L0013 |
L0194
0695
. 0899

00537

L0083 . 0047
L0399 . 0369
.0078 . 0029
L0199 . 0108
L0302 | .0302
. 0356 . 0138
L0215 L0215
L0567 L0567
. 0564 . 0432
. 0215 . 0210
. 0346 . 0346
.0198 L0198
L0090 L0071
. 0389 . 0379
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TABLE 7.— Fxchange of moisture belween the ground and the atmosphere,
Arlington, Va., 1939 '—Continued.

Net o | Net

l Con- | Evap- Con- | Eva-

Date I} 111 densa- | ora- egg?- Date Rali]u densa- | ora- egg?-
tion tion tion tion tion tion

November—Con. | Inches Inches | Inches | Inches December—Con,
17 i 0398 9

Inches Inches | Inches | Inches

Adjusted total 2 |__
Deeember:

. 10263 )
20205 | .0170 = Adjusted total 2. { .5509‘

1 No data for February and September beeause of the interruption of the observations by instrumental

failure and the installation of new equipment.
2 Includes estimated values for the days on which the data are unsatisfaetory or incomnplete beeause of

in%tﬁginlfrg}la}igatg‘;‘ﬁ'l\' ovember and Deeember taken from Weather Bureau reeords for Washington, D, C.

The obscrvations of precipitation, evaporation, and condensation
are summarized by months in table 8. During the 10 months the
total contribution of moisture to the ground by precipitation was
26.34 inches and by condensation, 1.81 inches. The total loss by
evaporation and transpiration was 11.97 inches. By subtraetion, a
value of 16.18 inches is obtained for run-off and inercase in ground
storage.

TaBLE 8 — Ezxchange of moisture between the ground and the atmosphere, Arlington,
Va., for the year 1939

o |
Preeipi- | Conden- | Evapora- ; Precipi- | Conden- | Evapor-
Month tation | sation | ation Month tation | sation | ation
Inches Inches Inches | Inches | Inches Inches
January __________ 3.41 0.08 0.49 || August_____._____. 2.98 0.16 1.46
February ! _______ | . | _ || September ! _____ | ________ | |.___..._.
March ___. 2.81 .03 92 || October._._ 2.38 .25 .78
April. 2.93 | 31 1.07 || November_ 1.40 .22 .59
May. .20 11 1.65 || December__._____ 2.20 L11 . 55
June 5.87 26 2.53
July. .. 2.16 [ 28 1.93 I Total.__..._.._.. | 26.34 1.81 [ 11. 97
| |

i Ineomplete record.

The losscs to the atmosphere were at a minimum in winter, when
evaporation was suppressed by low ground temperatures and trans-
piration was almost completely inaetive. Losses by transpiration
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were greatest in June, when the vegetation had nearly reached ma-
turity and growth was still active. Transpiration losscs were reduced
in July and August by mowing.

Precipitation was very scanty in May, and the soil moisture was
reduced nearly an inch and a half by evaporation and transpiration.
However, much of this soil-moisture loss was restored by a rain of 1.17
inches on June 8 and a rain of 1.88 inches, on June 13, of which 1.51
inches fell in a single hour.

Evaporation losses to the atmosphere in June were five times as
great as in January. Precipitation in winter, however, is nearly as
grcat as in summer and, in addition, may be stored on the ground in
the form of snow. Thus, the chance that general floods will oceur in
the colder scasons is greatly enhanced. Actually, the flood hazard is
greatest in early spring, when evaporation losses are still small and
warm rains, together with the melting of accumulated winter snow,
arc most likely to overtax drainage channcls.

In the central and castern parts of the United States nearly all
major flood-producing storms are terminated by invasions of relatively
dry air masses of polar continental origin characterized by a thick
turbulent layer and low concentrations of water vapor. Thesc air
masses provide conditions most favorable to evaporation and are
able to absorb enormous quantities of moisture from the rain-drenched
land. Since floods on large watersheds are most frequently due to
general storms which must first restore to the soil reservoir water
lost by previous cvaporation and transpiration, it is evident that
land use practices favoring evaporation will accordingly lessen the
burden imposed on stream channels by excessive rains, both by re-
tarding immediate run-off and by creating a water-storage capacity
in the soil.

The losses of moisture from a field in Arlington into continental
and maritime air masses during June and July 1939 are shown in table
9. Although the maritime air was considerably warmer than the
contfinental air, its daily rate of intake of moisture from the ground was
only 58 percent as great. That evaporation into continental masses is
greater than into polar masses has been verified by observation of the
change in water eontent of these masses as they traverse the eountry
(51).

TasLE 9.—Ezchanges of waler vapor between the ground and continental and maritime
air masses during June and July 1939 at the Arlington experiment station
Average Total Total Total loss dAy;erzllge
Month and air mass type Days tempera- | evapora- condensa- from arln))'moss
ture tion tion ground ground
June: Number °F. Inch Inch Inch Inch
Continental .. ______________ 10 74.0 0. 8887 0.0075 0.8812 0.0881
Tul Maritime e 1 76.4 L7182 . 1507 . 5675 . 0518
uly: ) l
Continental _____________ | 12 | 72.7 L9740 .0695 . 9045 | L0754
Maritime .. ____________ 14 79_.2 . 7878 L1670 | B 6%_8_ . 044?
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EVAPORATION MEASUREMENTS IN AGRICULTURAL
RESEARCH

In the development of the science of climatology there has gradually
emerged the concept of climate as the intecgration of temperature,
wind, sunshine, moisture, and other factors within a region which give
it personality and individuality. Ingenious and accurate instruments
have been developed for measuring and recording some of the elements
of weather and climate. There are, however, no instruments for
measuring the climatic complex. Furthermore, there are not a few
elements of the climate that either are not measured adequately or are
not measured at all. Finally, there is little doubt that there are
significant factors of climate, the very existence of which are today
unknown.

In 1864, Marsh (90, p. 24) wrote as follows:

There is one branch of research which is of the utmost importance * * *
but which, from the great difficulty of direct observation upon it, has been less
sucecessfully studicd than almost any other problem of physical science. I refer
to the proportions between precipitation, superficial drainage, absorption, and
evaporation. Precise actual measurement of these quantities upon even a single
acre of ground is impossible * * *

In the intervening years much progress has been made in the
measurement of precipitation and run-off, and recently much attention
has been given to the problems involved in the measurement of infil-
tration into different soils and under different forms of soil manage-
ment. But the measurement of evaporation has continued to be
impossible, despite the fact that it has become increasingly necessary
as measurements of rainfall, run-off, and infiltration have been
improved.

Not until the last decade had the development of the theoretical
study of atmospherie turbulence produced results which suggested a
means of making this important but previously impossible measure-
ment. The theoretical foundation of the method is sound; it remains
to improve and simplify the instruments for making the necessary
measurements of atmospheric humidity and wind velocity and to
obtain a more reliable value for the universal turbulence constant.
The final step will be to test the method by determining the evapora-
tion from the surface of the water in a reservoir, where the loss can
also be determined independently by direct measurement.

Until recently, no satisfactory technique for the measurement of
actual moisture losses from natural surfaces such as fields or water-
slieds has been developed. Conscquently, the analysis and solution
of many elimatic and hydrologie problems have been delayed because
of the lack of the necessary evaporation and transpiration data.
The future promises that measurements of the transfer of moisture to
the atmosphere from all types of geographic surfaces will become
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available and that they will provide information on the moisture
requirements of various erops and types of natural vegetation and
on the effeetiveness of various moisture-conserving practices. With
the accumulation of this information the interrelations of climate,
hydrology, and agriculture will be more clearly understood.
Intimately associated with the problem of retarding and reducing
run-oft for flood control is a knowledge of the manner in which and
the rate at which the soil loses moisture to the atmosphere. During
rainless periods, soil moisture is diminished at rates fundamentally
dependent upon the ceologic complex. This is true because trans-
piration is the chief meehanism whereby water is lost from the soil
(169). Generally speaking, when rain falls on the land, only the
part in excess of that needed to restore the soil moisture to its full
storage capacity will run off. Obviously, then, in those regions
where flood-producing rains arc common, a plant cover having high
trunspiration values should be favored so that appreeciable soil-
moisture deficieneies may be built up between rains; and to minimize
erop failure in areas of high drought incidence, plants with small
transpiration values should be favored. When measurcinents of
evaporation, condensation, and transpiration from natural surfaces
under different types of plant cover are available for a large number
of locations throughout the country, refincinents in meteorology,
hydrology, and agricultural climatology not now possible ean be made.

SUMMARY

This study is an attempt to satisfy a long-felt need for a method of
determining water losses to the atmosphere from land surfaces
possessing various types of vegetal cover as well as from free water
surfaces.  Since the water entering the atmosphere becomes a gas
and is invisible, direct methods sueh as tliose in use for measuring
preeipitation or run-off in streams eannot be employed.

Reecent studies of turbulence in the lower levels of the atmosplhere
have supplied essential information that makes possible the deter-
mination of the rate of transfer of moisture from a natural surface
into the atmosphere.  An equation is here developed that gives this
rate of moisture transfer in terms of measureinents of wind veloeity
and humidity at two levels directly above the surface.

The measurements of both wind veloeity and humidity mnust be
made with a high order of accuracy. Thus eareful study of various
types of hiygrometers and ancemometers was made and some new
instruments were designed and tested. A salt hygrometer, a chemical-
absorbtion hygrometer, and a dew-point recorder are deseribed.

An cvaporation station was established over a meadow at the
Experimental Farm in Arlington, Va., in late autumn, 1938. The
station was operated through 1939, and a nearly complete hourly
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record of evaporation and eondensation from the field was obtained.
Tables presented in the bulletin inelude hourly values of temperature
and of specific humidity at two levels and hourly values of wind
movement at four levels. They also include daily totals of eondensa-
tion and evaporation; the first record of its kind ever made. There
are a few unavoidable gaps in the record.

426690—42——5
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TaBLE 10.—Temperature at indicated levels, Arlinglon Experiment Farm, Va., 19389
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TasLe 10.—Temperature at indicated levels, Arlington Experiment Farm, Va., 1939—Continued
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TABLE 10.—Temperature at indicated levels, Arlington Experiment Farm, Va., 1939—Continued

TECHNICAL BULLETIN 817, U. S. DEPT. OF AGRICULTURE
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TABLE 10.—Temperature al indicated levels, Arlington Experiment Farm, Va., 1939—Continued

TECHNICAL BULLETIN 817, U. S. DEPT
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FROM LAND AND WATER SURFACES

EVAPORATION
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TABLE 10.— Temperature at indicated levels, Arlington Ezxperiment Farm, Va., 1939—Continued

TECHNICAL BULLETIN 817, U. S. DEPT. OF AGRICULTURE
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TaBLE 10.—Temperature at indicated levele, Arlington Experiment Farm, Va., 1939—Continued
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TABLE 10.— Temperature at indicated levels, Arlington Experiment Farm, Va., 1939—Continued
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TaBLE 10.—Temperature at indicated levels, Arlington Experiment Farm, Va., 1939—Continued
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EVAPORATION FROM LAND AND WATER SURFACES
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TaBLE 10.—Temperature at indicated levels, Arlington Experiment Farm, Va., 1939—Continued
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TasLE 11.—Specific humidity at indicated levels, Arlington Experimental Farm, Va., 1939
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TaBLE 11.—Specific humidity at indicated levels, Arlington Experimental Farm, Va., 1939-~Continued
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TaBLE 11.—Specific humidity at indicated levels, Arlington Experimental Farm, Va., 1939—Continued
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TaBLE 11.—Specific humidity at indicated levels, Arlington Experimental Farm, Va., 1939—Continued
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TaBLE 11.—Specific humidity at indicated levels, Arlington Ezperimental Farm, Va., 1939—Continued
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TaBLE 12.—Wind velocity at indicated levels,! Arlington Farm, Va., 1939
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TaBLE 12.—Wind velocity at indicated levels,! Arlington Farm, Va., 1939—Continued
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TaBLE 12.—Wind velocity al indicated levels,! Arlington Farm, Va., 1939—Continued
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T AaBLE 12.—Wind velocity at indicated levels,! Arlington Farm, Va., 1939—Continued
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TaBLE 12.—Wind velocity at indicated levels,t Arlington Farm, Va., 19839—Continued
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TaBLE 12.—Wind velocity at indicated levels,! Arlington Farm, Va., 1939—Continued
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EVAPORATION FROM LAND AND WATER SURFACES
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TABLE 12.—Wind velocity at indicated levels ! Arlington Farm, Va., 1939—Continued
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Waind velocity at indicated levels,! Arlington Farm, Va., 1939—Continued
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